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Abstract 
Prevacuolar compartments (PVCs) are intermediate membrane-bound organelles mediating 
protein trafficking between irans-Go\%\ network and vacuoles in the plant secretory pathway. 
Little is known about the dynamics and molecular components of plant PVCs. As a first step to 
characterize the PVCs, we recently demonstrated that vacuolar sorting receptor (VSR) proteins 
concentrated on PVCs (Li et al, 2002). Here we developed PVC markers in living cells based on 
our previous studies on traffic of integral membrane reporter proteins (Jiang and Rogers, 1998). 
Thus, we have generated transgenic tobacco BY-2 cell lines expressing two yellow fluorescent 
protein (YFP) fusion reporters that mark PVCs and Golgi organelles respectively. Both 
transgenic cell lines exhibited typical punctate YFP signals but corresponding to distinct PVCs and 
Golgi organelles respectively, because the PVC marker colocalized with VSR proteins while the 
Golgi marker colocalized with Mannosidase I (Manl) in confocal immunofluorescence. Both 
Brefeldin A (BFA) and Wortmannin were used to test their effects on the dynamics of YFP-marked 
PVCs in living cells. Similar to YFP-marked Golgi organelles, YFP-marked PVCs formed 
BFA-induced compartments in a dose-dependent manner. However, BFA-compartments derived 
from PVCs and Golgi organelles are distinct but closely connected because they colocalized with 
VSR and Manl respectively. Furthermore, Wortmannin induced the formation of 
VSR-containing vacuoles directly derived from YFP-marked PVCs. Finally, plant PVCs are 
mobile organelles because some YFP-marked PVCs move consistently in living cells. Hence, we 
have provided the first evidence that plant PVCs are dynamic and mobile organelles in living cells, 
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Chapter 1 General Introduction 
1. The plant secretory pathway 
An overview on the secretory pathway 
All eukaryotic cells contain an endomembrane system comprised of several different 
distinct organelles for the secretory pathway, and these organelles are defined by their 
morphology and specific proteins on or within their membranes (Holthuis et al., 1998; Jiang and 
Rogers, 1999; Mellman and Warren, 2000). Endoplasmic reticulum (ER) and Golgi apparatus 
are the central organelles in this system. Soluble proteins with signal peptides, once they are 
translated, will be directed to the ER lumen and folded into the proper three-dimensional 
conformation. After that, proteins destined for other organelles in the secretory pathway are 
exported to the Golgi apparatus via COP II vesicles (Schekman and Orci, 1996). From the 
Golgi, proteins containing the vacuolar sorting determinants (VSDs) will be delivered to 
vacuoles because they can be recognized by vacuolar sorting receptor (VSR) proteins at the late 
Golgi (Okita and Rogers, 1996). In the default pathway, however, proteins lacking specific 
targeting information will pass through the Golgi apparatus and be packaged into poorly 
characterized vesicles via a presumably unselective process before they are delivered to the 
plasma membrane and then released to the cell exterior (Denecke et al., 1990). In this study, I 
will focus on the mechanism of protein sorting to vacuoles in plant cells. 
In contrast to mammalian and yeast cells, where only a single type of lysosome / vacuole 
exists, the sorting process in the plant secretory pathway is more complicated because plant 
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cells contain two functionally and biochemically distinct vacuoles: the protein storage vacuole 
(PSV) and the lytic vacuole (LV) (Okita and Rogers, 1996; Neuhaus and Rogers, 1998; Jiang 
and Rogers, 1999). LV / lysosome is common in eukaryotic cells, in which it maintains an 
acidic pH and functions as a degradative compartment in the secretory pathway (Okita and 
Rogers, 1996). However, PSV seems to be unique in plant cells, in particular for seed protein 
storage vacuole where three subcompartments with distinct functions had been identified (Jiang 
et al., 2000; Jiang et aL, 2001). Tonoplast intrinsic proteins (丁IPs) have been used as markers 
to identify different vacuole types. For example, a-TIP plus 6-TIP is a general marker for the 
PSV, while y-TIP alone is a marker for LV (Jauh et aL, 1999). 
It has been demonstrated experimentally that soluble proteins reach LV or PSV because 
they contain VSDs. So far, three types of VSDs have been identified in plant cells, including: 
(1) the N-terminal propeptide (NTPP) signals where the barley cysteine protease aleurain 
(Holwerda et aL, 1992) and sweet potato sporamin (Neuhaus and Rogers, 1998) both contain a 
conserved amino acid motif Asn-Pro-IIe-Arg (NPIR) at their N-terminal; (2) the C-terminal 
propeptide (CTPP) signals where these vacuolar proteins do not share conserved vacuolar 
sorting consensus sequence in their C-terminal propeptides (e.g. barley lectin and tobacco 
chitinase); (3) Internal determinants that may form signal patch. Proteins containing the 
NPIR motif are believed to reach LV by the mediation of VSR proteins, while proteins 
containing the CTPP signals are destinated for the PSV (Neuhaus and Rogers, 1998). 
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Vesicular pathways and transport vesicles 
Three vesicular pathways that are mediated by different types of transport vesicles have 
been described to be responsible for carrying proteins to different vacuoles in plant cells 
(Robinson and Hinz, 1998; Jiang and Rogers, 1999). Clathrin coated vesicles (CCVs), with 
diameters about 50-70 nm, carry proteases such as proaleurain via Golgi apparatus to the lytic 
prevacuolar compartments (lytic PVCs) in tobacco culture cells (Paris et al., 1997; Jiang and 
Rogers, 1998). In contrast, dense vesicles (DVs), with diameters about 100 nm and dense 
appearance on electron micrographs, carry seed-type storage proteins such as albumin via Golgi 
to prevacuolar compartments (PVCs) for PSVs in pea cotyledons (Robinson et al, 1998). 
Thus, there are at least two different mechanisms responsible for the trafficking of vacuolar 
proteins in the Golgi apparatus. The third pathway, which bypasses the Golgi apparatus and 
targets to PSVs, is mediated by precursor-accumulating vesicles (PACs) with an electron-dense 
core and electron-translucent outer layer in pumpkin cotyledons (Hara-Nishimura, I et al., 1998). 
A similar direct ER to PSV pathway involving DIP organelles was also described in tobacco 
cells (Jiang et a!., 2000). Figure 1.1 summarizes our current knowledge on vesicular pathways 
leading to vacuoles in plant ce l l s . ‘ 
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Figure 1.1. The plant secretory pathway. Three routes for protein sorting to vacuoles 
have been described: (1) The first pathway is represented by traffic of BP-80/AtELP via 
Golgi-derived clathrin-coated vesicles (CCVs) to the lytic prevacuole compartments (lytic 
PVC) and then the lytic vacuole (LV) in tobacco cells; (2) The second pathway from Golgi to 
the protein storage vacuole (PSV) is mediated by Golgi-derived dense vesicle (DV) that carry 
storage proteins to a prevacuolar compartment (PVC) before delivery to the PSV of pea 
cotyledons; (3) The third pathway is a direct ER to PSV route bypassing Golgi that is 
represented by the delivery of storage proteins to PSV via endoplasmic reticulum (ER)-derived 
precursor accumulating (PAC) vesicles in pumpkin seeds and cytosolic DIP organelles in 
tobacco seeds. 
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2. Vacuolar sorting receptors 
Receptor-mediated sorting is one of the mechanisms responsible for sorting soluble 
proteins to vacuoles. For some vacuolar proteins (e.g. aleurain and sporamin) that target to the 
lytic vacuole, they contain conserved NPIR motif in their N-terminus of propeptide (see above) 
that is recognized by BP-80 / AtELP, a protein belonging to the family of VSR proteins. BP-80 
was first purified from pea using an affinity column containing synthetic NPIR peptides (Kirsch 
et al, 1994). BP-80 was thereafter cloned from pea and other plant species and served as a 
functional marker for the LV pathway (Paris et al, 1997; Jiang and Rogers, 1998). 
BP-80 and its homologues 
BP-80 is a 623 amino acid type I integral transmembrane protein that belongs to a novel 
family of integral membrane proteins — VSR proteins (Paris et al., 1997; Ahmed et al., 1997; 
Shimada et al., 1997). It was first purified from a lysate enriched in CCVs from developing 
pea cotyledons, using an affinity column coupled with the N-terminal vacuolar sorting 
sequences of the barley aleurain, NPIR (Kirsch et al., 1994). Studies of BP-80 trafficking were 
carried out using a chimeric reporter that was transiently expressed in tobacco suspension 
culture cell protoplasts (Jiang and Rogers, 1998). Using such approaches, it was demonstrated 
that the BP-80 transmembrane domain (TMD) and cytoplasmic tail (CT) sequences were 
specific and sufficient for targeting a reporter from Golgi to the lytic PVCs where the reporter 
was proteolytically processed into the mature form, a functional definition for the lytic PVC 
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(Jiang and Rogers, 1998). In addition, the functional implication of BP-80 as a VSR has been 
demonstrated in vitro biochemically (Cao et al., 2000) and in vivo using a yeast expression 
system (Humair et al, 2001). Thus, with all evidence so far accumulated, it is believed that 
BP-80 and its homologues are responsible for sorting NPIR-containing vacuolar proteins from 
Golgi apparatus to the lytic PVCs / LV (Jiang and Rogers, 1998; Cao et al, 2000). 
RMR proteins 
The other pathway that carries CTPP-containing proteins from Golgi apparatus to the PSV 
via DVs or their equivalents might also be mediated by VSR proteins. It was demonstrated 
that, when the storage protein phaseolin was over-expressed in tobacco cells, it was secreted 
outside the cells (Frigerio et al, 1998). Such result suggested that the sorting of storage 
proteins to the PSV was saturated by over-expression of proteins, thus a receptor-mediated 
process may be operated in this pathway. Recent studies demonstrated that RMR (a 
receptor-like membrane RING-H2 protein), an integral membrane protein that travels from 
Golgi to PSVs (Jiang et al., 2000), binds specifically to C-terminal propeptides of storage 
proteins in a manner well correlated with function of receptors in sorting proteins to the PSVs 
(Cao et al., 2000). Thus, RMR proteins may serve as a VSR for the PSV pathway. 
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3. Prevacuolar compartments 
Prevacuolar compartments (PVCs) are defined as membrane-bound organelles that receive 
cargos from transport vesicles derived from the late Golgi or trans-Golgi network (TGN) and 
subsequently deliver cargos to the lysosome / vacuole by fusion with the tonoplast in the 
secretory pathway (Bethke and Jones, 2000). Additionally, PVCs provide a place where 
missorted proteins can be retrieved and sent back to the Golgi. Endosomes / PVCs in 
mammalian and yeast cells were well defined because various markers have been identified and 
characterized in these systems (see below). However, the nature of the plant PVCs remains 
unclear because no unambiguous markers have been generated for identifying and defining 
PVCs morphologically and functionally in plant cells (Li et al, 2002). 
PVCs in mammalian and yeast cells 
In mammalian cells, the size of endosomes is ranging from 0.5 to 1 |im in diameter, and 
they have typically internal 60-80 nm vesicles. Similarly, the PVCs in yeast are also 
multi-vesicular in nature. 
In yeast and mammalian systems, two different types of proteins have served as markers 
for the PVCs / endosomes. In mammalian cells, the mannose-6-phosphate (M6P) receptors 
function as sorting receptors and served as markers for endosomes. M6P receptors bind to the 
lysosomal hydrolase in the TGN, and then deliver the hydrolase to the endosome - a 
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prevacuolar compartment in mammalian system, a process that is mediated by CCVs. After 
releasing hydrolase, M6P receptors return to TGN for subsequent rounds of binding and sorting 
(Duncan and Komfeld, 1988). Additionally, M6P receptor sorting at the TGN is mediated by 
the interaction between the VHS (VPS27, Hrs，and STAM) domain of GGA (Golgi-localized, 
y-ear-containing, ARF-binding protein) proteins and the cytoplasmic tail of M6P receptor 
(Puertollano et al.’ 2001; Zhu et aL, 2001). ImmunoEM studies demonstrated that M6P 
receptor proteins were predominantly concentrated in late endosomes (Griffiths et al., 1988). 
Similarly, VPS 1 Op in yeast might also function as a receptor for sorting soluble proteins from 
TGN to vacuoles via PVCs (Gerrard et al, 2000a; Gerrard et al, 2000b). In addition, 
individual Rab GTPases and syntaxins are associated specifically with each organelle. For 
example, Pepl2p is a syntaxin that specifically associates with the PVC / endosome (Pelham, 
1999). 
PVCs for seed protein storage vacuoles 
Recent studies from plant cells (Bethke and Jones, 2000; Robinson et al, 2000; Li et a!., 
2002) indicated that PVCs also exist in plant cells and these plant PVCs might play a similar 
role in mediating protein trafficking in the plant secretory pathway. In addition, in a more 
complex manner, plant cells might contain two distinct populations of PVCs which are specific 
for the LV pathway and the pathways leading to the PSV. For example, in developing pumpkin 
seeds, PACs less than 0.5 \im in size may serve as PVCs for ER-derived storage proteins 
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(Hara-Nishimura et al, 1998). Alternatively, multivesicular bodies (MVBs) containing storage 
proteins and with sizes ranging from 0.5 to several fim in developing pea seeds were postulated 
as PVCs for PSVs (Robinson and Hinz，1998). Similarly, in developing tobacco seeds and root 
tips cells, cytosolic organelles, which are 0.5 to 1 |im in size and labeled by DIP antibody (dark 
intrinsic protein, an isoform of tonoplast intrinsic protein), may serve as PVCs for both ER- and 
Golgi-derived proteins leading to PSVs (Jiang et al., 2000). Furthermore, these so-called 
cytosolic DIP organelles also contain RMR, an integral membrane protein that traffic through 
the Golgi to PSVs (Jiang et al., 2000). Thus, the mechanism proposed for PSV formation 
(Jiang et al； 2002) suggests that the multivesicular bodies (Robinson et al., 1998), PACs 
(Hara-Nishimura et al, 1998), and DIP organelles (Jiang et al, 2000; Jiang et al., 2001) might 
fuse with developing PSVs to deliver their cargos (Robinson et al., 2000). 
However, markers that permit PVCs to be defined unambiguously in plant cells have not 
yet been identified. Therefore, generating markers for identifying PVCs will provide valuable 
tools for plant cell biologists to dissect the functions and sorting mechanisms of PVCs in the 
plant secretory pathway. 
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PVCs for lytic vacuoles 
Several other approaches have also been used to identify and characterize the lytic PVCs in 
plant cells. In Ambidopsis, AtPepl2p, a yeast Pepl2p homologue that can functionally 
complement the yeast pep 12 mutant, has been localized to PVCs (a late post-Golgi 
compartments) by immunoEM and subcellular fractionation in Ambidopsis root tip cells 
(Bassham et al., 1995; Conceicao A.S. et al., 1997). Another approach utilizes a VSR protein 
such as BP-80 involved in the LV pathway (discussed above). Studies on the trafficking of 
BP-80 were carried out using a chimeric reporter protein termed BP-80 reporter. This reporter 
contained a mutated proaleurain that lacks its targeting determinants and fused to the TMD and 
CT of BP-80. The traffic of this reporter was assayed by transiently expressed in tobacco 
suspension culture cell protoplasts (Jiang and Rogers, 1998) and the results demonstrated that 
the mutated proaleurain in the chimeric reporter was proteolytically processed in a post-Golgi, 
prevacuolar compartments into mature form and separated from its membrane association, thus, 
the TMD and CT sequences of BP-80 were sufficient and specific for targeting the reporter 
proteins to the lytic PVCs (Jiang and Rogers, 1998). This BP-80 reporter protein also 
trafficked through the Golgi apparatus before reaching the lytic PVCs because Brefeldin A (BFA) 
prevented processing into its mature form, and because it acquired complex modifications to 
Asn-linked glycans, an alteration specific to Golgi in plant cells. In addition, this chimeric 
reporter colocalized with the endogenous tobacco VSR proteins but was separated from tobacco 
ER proteins including BiP and calnexin in double-labeling of confocal immunofluorescence 
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(Jiang and Rogers, 1998). 
The subcellular localization of VSR proteins has been carried out mainly using two 
techniques: electron microscopic immunocytochemistry (immunoEM) and subcellular 
fractionation. Studies using these two approaches have shown that VSR proteins are not 
present in the vacuolar membrane or tonoplast (Paris et al., 1997; Ahmed et al., 1997; 
Sanderfoot et al., 1998; Hinz et al., 1999; Ahmed et al, 2000). With the use of immunoEM, 
BP-80 was found to be present in both Golgi apparatus and lytic PVC (approximately 250 nm in 
diameter) but not existed in any vacuolar membrane (tonoplasts) of root tip and cotyledon cells 
of pea (Paris et al, 1997). Similarly, AtELP, a BP-80 homolog from Ambidopsis, is also 
located in Golgi and putative PVC with 100 nm in diameter in Ambidopsis root tip cells 
(Sanderfoot et al., 1998). Using subcellular fractionation, BP-80 was found to co-fractionate 
partially with Golgi membrane in pea cells (Hinz et al., 1999), as AtELP did in both Ambidopsis 
(Ahmed et al, 1997; Sanderfoot et al, 1998) and transgenic Ambidopsis plants expressing a 
mammalian Golgi enzyme alpha-2,6-sialyltransferase (Wee et al., 1998). Additionally, AtELP 
co-fractionated in sucrose density gradients of Ambidopsis root membrane (Sanderfoot et al., 
1998) with AtPepl2p - a protein that can functionally complement the yeast pep 12 mutant and 
has been localized PVC (a late post-Golgi compartment) by immunoEM (Bassham et al., 1995; 
Conceigao et al., 1997). These results collaboratively suggest that VSR proteins are localized 
in both Golgi apparatus and PVCs in these cells. However, the natural distribution of VSR 
proteins between PVCs and Golgi apparatus remained unclear. 
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To address this question, we have recently developed a confocal immunofluorescent 
approach to determine the relative abundance of VSR proteins in different cell compartments 
and their utility as markers for specific compartments (Li et al., 2002). This approach is 
principally based on the labeling of the same organelle with two or more completely different 
antibodies recognizing different parts of the same protein provided strong evidence for the 
presence of that protein in the organelle. We have therefore used different anti-BP-80 
antibodies to identify organelles containing VSR proteins in both pea and tobacco cells and 
compared their localization in a quantitative manner to that of established Golgi markers. 
Using such approach, we demonstrated that VSR proteins are predominantly concentrated on 
the lytic PVCs because organelles labeled by anti-VSR antibodies were largely (more than 90%) 
separated from Golgi apparatus (Li et aL, 2002). Additionally, organelles marked by 
anti-AtPepl2p and anti-AtELP antibodies were also largely separated from the Golgi apparatus, 
whereas VSR and AtPepl2p colocalize. Thus, these results further demonstrated that VSR 
proteins are predominantly present in the PVCs. 
Since the BP-80 reporter containing the TMD / CT of BP-80 (discussed above) colocalized 
with the endogenous VSR proteins when the reporter was expressed in transgenic tobacco 
culture cells (Jiang and Rogers, 1998) and that VSR proteins are predominantly concentrated on 
the lytic PVCs (Li et aL, 2002), it is thus possible that both BP-80 / VSR proteins and the BP-80 
reporter might serve as markers for defining the lytic PVCs in plant cells. Such hypothesis 
will be tested in this study. 
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4. Project objective 
Based on previous results described, it is possible that VSR proteins and the BP-80 reporter 
might serve as markers for defining lytic PVCs, while the a-TIP CT reporter (Jiang and Rogers, 
1998) that located to cytosolic DIP organelles in developing seeds of transgenic tobacco (Jiang 
et al., 2000) may serve as a marker for defining PVCs for the PSV pathway. However, the 
dynamics of plant PVCs in living cells remained to be illustrated because fixed cells have thus 
far been used for PVCs characterization. Therefore, the general goal for this thesis research is 
to test the hypothesis that the BP-80 reporter is a marker for defining the lytic PVCs in plant 
cells. 
Specific objectives for this research include the following: 
(1) To develop fluorescent markers for PVCs; 
(2) To generate transgenic tobacco BY-2 cells expressing these reporters; and 
(3) To confirm and characterize the reporter-marked PVCs in both fixed and living transgenic 
BY-2 cells. 
The long-term goal of this research is to illustrate the molecular mechanism of PVC sorting 
and molecular components of plant PVCs. 
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Development of Transgenic Tobacco BY-2 Cell Lines 
Expressing Fluorescent Markers for Golgi and 
Prevacuolar Compartments 
~ 1 5 � 
Chapter 1 General Introduction 
1. Introduction 
1.1 Fluorescent proteins are useful tools in studying protein 
trafficking and subcellular localization in living cells 
Natural vacuolar proteins and reporter proteins have been used as convenient markers to 
study protein targeting in plant cells for many years. Detection of these proteins, however, 
requires either cell fixation followed by its subsequent detection with fluorescent-tagged 
antibodies or protein extraction and Western blot detection. For example, the cysteine protease 
barley aleurain has been successfully used as a reporter for studying the trafficking of integral 
membrane proteins in the plant secretory pathway because proaleurain is specifically processed 
into mature aleurain in a prevacuolar compartment (Jiang and Rogers, 1998). However, since 
cells have to be fixed or proteins extraction is required for detecting such reporter, it is 
impossible to study the dynamic and protein movement in living cells. To overcome this 
problem, fluorescent reporter proteins (such as red fluorescent protein, green fluorescent protein 
and its derivatives) have been widely used by cell biologists to make fusions with their target 
proteins for studying mechanism of protein trafficking in both animal and plant cells (Neuhaus, 
2000). Thus, rapid, simple, and direct detection of these fluorescent fusion proteins can be 
ready achieved by using fluorescent microscope or confocal laser scan microscope in transgenic 
living cells and tissues. 
Green fluorescent protein (GFP) was the first of such fluorescent proteins. GFP was 
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originally cloned from the jellyfish Aequorea victoria and has been modified to be used as a 
reporter that can be readily detected in a noninvasive way in most eukaryotes and prokaryotes 
(Chalfie et al., 1994). Yellow fluorescent protein (YFP) is a variant of GFP with several of its 
original amino acids modified. GFP absorbs 488 nm and emits mostly 507 nm in the spectrum, 
while the YFP has the maximum excitation at 514 nm and its emission peaks at 527 nm. The 
size of GFP protein and its family is quite small and compact (about 30 kDa), target proteins can 
be fused to either N-terminal or C-terminal of GFP / YFP without altering its function and 
fluorescent ability. Thus, both GFP and YFP are good reporter proteins for making 
translational fusions with target proteins. In addition to GFP and its variants, red fluorescent 
protein (RFP such as DsRed from Clontech) is another choice for cell biologists. RFP was 
originally cloned from Discosoma species and has excitation and emission maximum at 558 and 
583 nm, respectively. The difference in excitation and emission wavelengths among GFP, YFP 
and RFP (see Table 2.1) make it possible for us to detect all these three proteins at the same time 
in a single living cell. Therefore, by making three different fusions with GFP / YFP / RFP, we 
can study three different target proteins simultaneously in transgenic living cells. 
All these three GFP / YFP / RFP proteins have been used successfully as reporters for 
localizing target proteins in transgenic plant cells. For example, GFP and YFP have been used 
as reporters for proteins locating and thus targeting to endoplasmic reticulum (Haseloff et al” 
1997)，Golgi organelles (Nebenfuhr et al., 1999) and vacuoles (Di Sansebastiano et al., 1998) in 
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plant cells. Even though RFP has been successfully used as a reporter in many cases, it may be 
toxic for certain plant cells (see below results). In this study, all these three GFP / YFP / RFP 
proteins will be used as reporters for marking Golgi and prevacuolar compartments (PVCs) in 
transgenic tobacco BY-2 cells so that these membrane-organelles can be studied in living cells. 
Table 2.1. Comparison of three fluorescent proteins. 
RFP 558 583 
GFP 488 507 
YFP 514 527 
1.2 Tobacco BY-2 cells 
Tobacco BY-2 cell line was established from the callus of a seedling of Nicotiana tabacum 
L. cv. Bright Yellow 2 in the Central Research Institute of the Japan Tobacco and Salt Public 
Corporation (now called Tobacco Science Research Laboratory, Japan Tobacco, Inc.). 
According to Kato et al. (1972), this tobacco BY-2 cell line was the most proliferative cell line 
among all the examined materials, suggesting the existence of certain specific characteristics of 
this cell line. 
Since its first establishment in culture, BY-2 cells have been used extensively as a model 
system for plant biologists because BY-2 cells have the following unique features: high growth 
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rate, highly synchronized and unique homogeneity in simple culture media and growth 
conditions (Nagata et al, 1992; Nagata and Kumagai, 1999; Geelen and Inze, 2001). In 
addition, BY-2 cells are readily transformed after protoplastation (Mathur and Koncz, 1998), 
particle bombardment, or co-cultivation with Agrobacterium tumefaciens (An, 1985). Thus, I 
will use the method of Agrobacterium-mQ6\diiQdi transformation to transfer various fusion 
reporters into BY-2 cells so that the reporter-marked organelles can be studied in these 
transgenic living cells. 
1.3 Plant prevacuolar compartments 
Prevacuolar compartments (PVCs) are membrane-bound organelles that mediate protein 
trafficking between Golgi and vacuoles in the secretory pathway (Bethke and Jones, 2000). 
There is increasing evidence for the existence of plant PVCs. BP-80, a plant vacuolar sorting 
receptor (VSR) protein isolated from pea (Kirsch et al, 1994), was shown to localize in both 
Golgi and lytic PVCs in pea root tip cells (Paris et al., 1997). However, recent studies using 
confocal immunofluorescence demonstrated that BP-80 and VSR homologs were predominantly 
concentrated in the lytic PVCs (Li et al., 2002). Thus, VSR proteins can be used as markers to 
define lytic PVCs. In addition, when the BP-80 reporter containing the BP-80 transmembrane 
domain (TMD) and cytoplasmic tail (CT) sequences was expressed in transgenic tobacco 
suspension culture cells, the reporter colocalized with the endogenous tobacco VSR proteins in 
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confocal immunofluorescence (Jiang and Rogers, 1998). Therefore, the BP-80 reporter may 
also be used as a marker to define lytic PVCs in transgenic tobacco cells. Similarly, the a-TIP 
CT reporter (Jiang and Rogers, 1998)，that located to cytosolic DIP organelles in developing 
seeds of transgenic tobacco (Jiang et a/” 2000), may also serve as a marker for defining PVCs 
for the protein storage vacuole (PSV) (Jiang and Rogers, 2003). 
In this chapter, I will describe studies to achieve the following objectives: 
1. To make a YFP-BP-80 reporter; 
2. To make a YFP-a-TIP CT reporter; 
3. To make a CONST 1-YFP construct; 
4. To generate transgenic tobacco BY-2 cell lines expressing these three reporter proteins via 
Agrobacterium-mQ6\di\Qd transformation; 
5. To preliminarily characterize transgenic BY-2 cell lines expressing these three YFP 
reporters via Southern blot, Western blot, and confocal immunofluorescence； 
6. To generate and characterize antibodies specific for BP-80 using synthetic peptide for 
BP-80 CT as antigen. 
The overall objectives for the studies described in this chapter were to develop transgenic 
BY-2 cell lines expressing YFP-marked Golgi and PVCs so that further characterization of plant 
PVCs V5. Golgi organelles can be carried out in living cells. 
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2. Materials and Methods 
2.1 Construction of RFP-BP-80 and RFP-a-TIP reporters 
2.1.1 Cloning ofpRFP-BP-80 
DNA fragment containing the proaleurain signal peptide (SP) (Holwerda et al., 1992) and 
I 
RFP sequences was amplified via polymerase chain reaction (PGR) using DsRed2 plasmid 
(Clontech, Palo Alto, CA) as a template and primers LL5 / LL6 (Table 2.2). The amplified-
PGR product was digested with BamHI / EcoRI and then subcloned into plasmid pLJ491 
construct (Jiang and Rogers, 1998) using the same restriction sites. The detailed cloning 
procedure is shown in Figure 2.1. The resulting construct pRFP-BP-80 is shown as follow: 
BamHI 一 ATG — signal peptide - red fluorescent protein — EcoRI — FLAG - Spacer - TMD - CT 
of B P - 8 0 - T G A - S a c I . 
2.U” Cloning ofpRFP-a-TIP 
As shown in Figure 2.2，pRFP-BP-80 was digested with BamHI / EcoRI before used for 
electrophoresis to separate digested DNA fragments. The SP-RFP fragment was then 
gel-purified and subcloned into pLJ526 construct (Jiang and Rogers, 1998) using the same 
restriction sites. The structure of the resulting construct pRFP-a-TIP is shown as follow: 
BamHI - ATG - signal peptide - red fluorescent protein - EcoRI - FLAG — Spacer - TMD of 
BP-80 - CT of a-TIP - TGA - Sad. 
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Figure 2.1. Construction of pRFP-BP-80. The PGR fragment of signal peptide linked to 
the re"d fluorescent protein was inserted between the BamHl and EcoRI sites of pLJ491. The 
resulting construct, pRFP-BP-80, contains the 35S promoter, signal peptide linked to the red 
fluorescent protein, FLAG epitope tag, transmembrane domain and cytoplasmic tail of BP-80, 
and the Nos terminator. 35S, CaMV 35S promoter; SP, signal peptide; RFP, red fluorescent 
protein; E, FLAG and spacer; TMD, transmembrane domain; CT, cytoplasmic tail; Nos, Nos 
terminator. 
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Figure 2.2. Construction of pRFP-a-TIP. The DNA fragment of signal peptide linked 
to the red fluorescent protein from pRFP-BP-80 was inserted between the BamHl and EcoRI 
sites of pLJ526. The resulting construct, pRFP-a-TIP, contains 35S promoter, signal 
peptide linked to the red fluorescent protein, E-tag, transmembrane domain of BP-80, 
cytoplasmic tail of a-TIP and Nos terminator. 35S, CaMV35S promoter; SP, signal 
peptide; RFP, red fluorescent protein; E, FLAG and spacer; TMD, transmembrane domain; 
CT, cytoplasmic tail; Nos, Nos terminator. 
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2.1.3 Making the Agrobacterium binary vectorpCAMBlASSOON 
The Nos terminator in pBI121 was cut with Sad / EcoRI and subcloned into 
pCAMBIA3300 binary vector (GAMBIA) using the same restriction sites to form the binary 
vector pCAMBIA3300N. 
2.1.4 Cloning of pRFP-BP-80-N andpRFP-a-TIP-N 
To transform pRFP-BP-80 and pRFP-a-TIP into tobacco BY-2 cells via 
Agwbacterium-mQdisitQd transformation, both constructs have to first be subcloned into the 
binary vector pCAMBIA3300N. Both constructs were thus digested with Hindlll / Sad, 
followed by subcloned into pCAMBIA3300N using the same restriction sites. For 
pRFP-BP-80, the resulting plasmid was called pRFP-BP-80-N (Fig. 2.3). For pRFP-a-TIP, the 
resulting plasmid was termed pRFP-a-TIP-N (Fig. 2.4). 
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Figure 2.3. Construction of pRFP-BP-80-N. The DNA fragment between the 35S 
promoter and the cytoplasmic tail of BP-80 in pRFP-BP-80 was subcloned into 
pCAMBIA3300N via Hindlll / Sad restriction sites. RB, right border; 35S, CaMV 35S 
promoter; SP, signal peptide; RFP, red fluorescent protein; E, FLAG epitope tag; TMD, 
transmembrane domain; CT, cytoplasmic tail; Nos, Nos terminator; LB, left border. 
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Figure 2.4. Construction of pRFP-a-TIP-N. The DNA fragment between the 35S 
promoter and the cytoplasmic tail of a-TIP in pRFP-a-TIP was subcloned into 
pCAMBIA3300N via Hindlll / Sad restriction sites. RB, right border; 35S, 35S promoter; SP, 
signal peptide; RFP, red fluorescent protein; E，FLAG epitope tag; TMD, transmembrane 
domain; CT, cytoplasmic tail; Nos, Nos terminator; LB, left border. 
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2.2 Construction of YFP-BP-80 and YFP-a-TIP reporters 
111 Cloning ofpYFP-BP-80 
DNA fragment of SP and YFP was amplified by PGR, using pGONSTl-YFP (Baldwin et 
al., 2001) as template along with the upstream primer YFP-F and downstream primer YFP-R. 
After electrophoresis and gel purification, the amplified PGR product was then digested with 
BamHI / EcoRI and subcloned into plasmid pRFP-BP-80 using the same restriction sites that 
results in the new construct pYFP-BP-80 (Fig. 2.5). 
2,2,2 Cloning ofpYFP-a-TlP 
As shown in Figure 2.6, pYFP-BP-80 was digested by BamHI / EcoRI for electrophoresis 
and gel purification of DNA fragment, the purified SP-YFP fragment was then subcloned into 
pRFP-a-TIP construct via the same restriction sites that results in the new construct 
pYFP-a-TIP. 
2.2J Cloning ofpYFP-BP-80-K andpYFP-a-TIP-K 
To transform pYFP-BP-80 - and pYFP-a-TIP into tobacco BY-2 cells via 
Agrobacterium-mediated transformation, both constructs were subcloned into the binary vector 
pBI121. pYFP-BP-80 and pYFP-a-TIP were digested with Hindlll / Sad and subcloned into 
pBI121 using the same restriction sites and results in constructs pYFP-BP-80-K (Fig. 2.7) and 
pYFP-a-TIP-K (Fig. 2.8) respectively. 
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Figure 2.5. Construction of pRFP-BP-80. The PCR fragment containing signal peptide 
and yellow fluorescent protein sequences was inserted into pRFP-BP-80 via BamHI and 
EcoRI sites. The resulting construct, pYFP-BP-80, contains the CaMV 35S promoter, signal 
peptide linked to the yellow fluorescent protein, E-tag, transmembrane domain of BP-80, 
cytoplasmic tail of BP-80 and Nos terminator. 35S, 35S promoter; SP, signal peptide; YFP, 
yellow fluorescent protein; E, FLAG epitope tag and spacer; TMD, transmembrane domain; CT, 
cytoplasmic tail; Nos, Nos terminator. 
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Figure 2.6. Construction of pYFP-a-TIP. The DNA fragment containing the signal 
peptide and yellow fluorescent protein sequences derived from pYFP-BP-80 was inserted in 
between the BamHI and EcoRI sites of pRFP-a-TIP. The resulting construct, pYFP-a-TIP, 
contains the CaMV 35S promoter, signal peptide linked to the yellow fluorescent protein, E-tag, 
transmembrane domain of BP-80, cytoplasmic tail of a-TIP and Nos terminator. 35S, 35S 
promoter; SP, signal peptide; YFP, yellow fluorescent protein; E, FLAG and spacer; TMD, 
transmembrane domain; CT, cytoplasmic tail; Nos, Nos terminator. 
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Figure 2.7. Construction of pYFP-BP-80-K. The DNA fragment between the 35S 
promoter and cytoplasmic tail of BP-80 in pYFP-BP-80 was subcloned into pBI121 via Hindlll 
/ Sad restriction sites. RB, right border; Nos Pro, Nos Promoter; Nos, Nos terminator; 35S, 
35S promoter; SP, signal peptide; YFP, yellow fluorescent protein; E, FLAG and spacer; TMD, 
transmembrane domain; CT, cytoplasmic tail; Nos, Nos terminator; LB, left border. 
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Figure 2.8. Construction of pYFP-a-TIP-K. The DNA fragment between the 35S 
promoter and cytoplasmic tail of a-TIP in pYFP-a-TIP was subcloned into pBI121 via Hindlll / 
Sad restriction sites. RB, right border; Nos Pro, Nos Promoter; Nos, Nos terminator; 35S, 
35S promoter; SP, signal peptide; YFP, yellow fluorescent protein; E, FLAG and spacer; TMD, 
transmembrane domain; CT, cytoplasmic tail; Nos, Nos terminator; LB, left border. 
~31~ 
Chapter 2 Materials and Methods 
2.3 Construction of YFP markers for Golgi organelles 
2.3,1 Cloning ofpGONSTl-YFP 
The plasmid pGONSTl-YFP (Baldwin et al., 2001) was a gift provided by Prof. Paul 
Dupree (University of Cambridge). The structure of pGONSTl-YFP was illustrated in Figure 
2.9. 
Hlndlll BamHI EcoRI Sad 
NPTIl I Nos 卜 3SS GONSTI YFP ^ ^ L B 卜 
pGONSTl-YFP 
^^ •••••^ ••••••••^ ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••WBH^HaaiHHBMIf 
Figure 2.9. Structure of plasmid pGONSTl-YFP. RB，right border; Nos Pro, Nos 
Promoter; NPTII，kanamycin resistance gene, Nos, Nos terminator; 35S, the CaMV 35S 
promoter; GONSTI, GONSTI cDNA; YFP, yellow fluorescent protein; LB, left border. 
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2.4 Agrobacterium electroporation 
Plasmids pRFP-BP-80-N, pRFP-a-TIP-N, pYFP-BP-80-K, pYFP-a-TIP-K and 
pGONSTl-YFP were transformed into Agrobacterium tumefaciens LBA4404 with the helper Ti 
plasmid pAL4404 by electroporation. 
An aliquot of 40 \i\ of A. tumefaciens LBA4404 competent cells was thawed on ice, mixed 
with 10 ng of plasmid DNA and kept on ice for 1 minute. The cell-DNA mixture was then 
transferred to the bottom of a pre-chilled 0.2 cm electroporation cuvette (Bio-Rad, Hercules, CA) 
and subjected to a pulse of 25 |iF, 2.5 kV and 600 ohms in the Gene Pulser (Bio-Rad, Hercules, 
CA). After discharged, the cells were rescued by immediate addition of one ml of SOC 
medium [2% bacto-trypton, 0.5% bacto-yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM 
MgCli, 10 mM MgS04 and 200 mM glucose]. The cell suspension was then transferred to a 
10 ml polypropylene tube and shaken at 28°C for 2 hours. The recovered culture was spread 
on LB agar plates supplemented with 50 mg/L Kanamycin and 50 mg/L streptomycin and 
allowed to grow at 28°C for 2 to 3 days. 
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2.5 Transformation of tobacco BY-2 cells 
Transformation of tobacco BY-2 cells using Agrobacterium was carried out essentially 
according to published protocol described by An (1985) with some modifications. 
For pRFP-BP-80-N and pRFP-a-TIP-N, single colony of transformed A. tumefaciens 
LBA4404 was cultured in 5 ml of LB medium [10 g/L bacto-trypton, 5 g/L bacto-yeast extract 
and 10 g/L NaCl] supplemented with 50 mg/L kanamycin and 100 mg/L streptomycin for 16 
hours at 28°C with shaking at 250rpm. 200 |il of the 16-hour Agrobacteria culture was then 
co-cultivated with 4 ml of 3-day-old wild type BY-2 cells (usually contains 1ml of compact cells) 
in petri-dish for 2 days at 28°C without shaking. After that, the Agrobacteria-BY-2 cell 
mixtures were washed twice with 20 ml of MS medium [4.3 g/L M&S salts, 100 mg/L 
myo-Inositol, 1 mg/L thiamine. 0.2 mg/L 2,4-D, 255 mg/L KH2P04,30 g/L Sucrose, pH 6.8] to 
remove the Agrobacterium. Finally, the washed BY-2 cells were plated onto 1% MS agar 
plates supplemented with 250 mg/L cefotaxime and 2.5 mg/L glufosinate ammonium and kept 
in dark. Individual tiny calluses, appeared after two to three weeks, were selectively 
transferred to new MS plates supplemented with 50 mg/L cefotaxime and 2.5 mg/L glufosinate 
ammonium and were subcultured independently. For pYFP-BP-80-K, pYFP-a-TIP-K and 
pGONSTl-YFP, the method used to generate transformed calli was essentially the same as 
described above, except that the newly transformed transgenic cells were plated on 1% MS agar 
plates supplemented with 50 mg/L kanamycin and 250 mg/L cefotaxime. 
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2.6 Screening of transgenic BY-2 cells expressing RFP markers 
2.6.1 Glufosinate ammonium killing curve 
Before glufosinate ammonium was used to select the newly transformed BY-2 cells 
inoculated with Agrobacterium containing the constructs of red fluorescent protein markers 
(pRFP-BP-80 and pRFP-a-TIP) onto 1% MS agar plates, a killing curve study was performed to 
determine the minimum concentration of glufosinate ammonium to be used that can kill the wild 
type BY-2 cells but allow selection of transformed cells effectively. Thus, a various 
concentrations (5，2.5, 2, 1 and 0.5 mg/L) of glufosinate ammonium were separately added into 
a six-well-plate filled with 1% MS agar, followed by the addition of the same amount of wild 
type BY-2 cells at a very diluted cell concentration. This plate was then kept in the dark at 
room temperature for two to three weeks before the cells at the six wells were assessed for their 
growth and viability. 
2.6.2 Glufosinate ammonium screening 
Newly transformed BY-2 cells were plated on 1% MS agar plates supplemented with 2.5 
mg/L glufosinate ammonium and 250 mg/L cefotaxime and kept in dark until individual tiny 
callus appeared. Individual tiny callus was then transferred into new MS agar plates 
supplemented with 2.5 mg/L glufosinate ammonium and 50 mg/L cefotaxime and culture 
derived from each individual callus was treated as a individual cell line. Finally, transgenic 
cell lines were continuously subcultured in 1% MS agar plate supplemented with 2.5 mg/L 
glufosinate ammonium. 
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2.6.3 Fluorescent and confocal microscope screening for RFP reporters 
For each established cell line, half amount of the cultured callus was resuspended in 200 i^ l 
of ddHiO and then subjected to fluorescent and confocal screening. For fluorescent screening, 
a rhodamine filter installed in an inverted Eclipse TE300 microscope (Nikon, Tokyo) was used 
and looked for RFP signals and patterns. For confocal screening, rhodamine-scanning method 
was used and looked for RFP signals and patterns. All confocal fluorescence images were 
collected using a Bio-Rad Radiance 2100 system (Maylands Avenue, Hemel Hempstead) 
controlled by LaserShape2000 software (Bio-Rad, Maylands Avenue, Hemel Hempstead) with 
the following parameters: 60X objective oil lens (Nikon, Tokyo), IX zoom, optimal iris and 512 
X 512 box size pixel： The filter sets were used as follows: excitation wavelength 543 nm, 
emission filter HQ600/50. Untransformed wild type BY-2 cells were also included as controls. 
2.6.4 Subcellular fractionation and protein extraction 
Wild type and transgenic suspension cells were collected two to three days after 
subculturing by vacuum filtration. The cells were frozen by liquid nitrogen. Total protein 
was extracted by grinding about 5 ml filtered cells in 100 jil of 5X protein extraction buffer [250 
mM Tris-HCl, pH 7.4, 750 mM NaCl, 5 mM EDTA, 0.5 mM PSMF, 25 |ig/ml Leupeptin] with a 
mortar and pestle. Homogenate was then centrifuged at 14,000 rpm for 15 minutes. The 
supernatant, which is the cell soluble fraction (CS fraction), was transferred to a new centrifuge 
tube. On the other hand, 200 i^l of IX protein extraction buffer was added to resuspend the 
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pellet for the cell membrane fraction (CM fraction). Upon addition of SDS (using 10% stock) 
to a final concentration of 1%, both fraction samples were boiled at 100°C for 10 minutes. 
After cooling to room temperature the CS fraction was stored at -20°C. For the CM fraction, 
the supernatant was collected and stored at—20°C after centrifuging at 14,000 rpm for 15 min. 
2.6.5 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and western blot analysis 
Protein samples were mixed with 5X sample loading buffer [0.0625 M Tris-HCl, pH 6.8, 
5% SDS, 1% p-mer, 10% glycerol and 0.01% bromophenol blue], heated at 99�C for 5 minutes 
and then resolved by^lO or 12% SDS-PAGE gel in electrode buffer [0.025 M Tris, 0.19 M 
glycine and 0.1% SDS, pH 8.3] at 30V for 1 hour and lOOV for 1 hour and 30 minutes. The 
resolved proteins were then transferred to nitrocellulose membranes (0.45 jxm) by modified 
Dunn carbonate transfer buffer [10 mM NaHCOs and 3 mM NaaHCCh] at 44V for 75 minutes 
using Mini Trans-Blot cell (Bio-Rad, Hercules, CA). After that, the membrane was immersed 
in blocking solution (1.5% milk powder, 1% PBS) for 45 minutes and then incubated with 
primary antibody with a concentration of 4 |ig/ml in PBS at 4°C overnight, followed by 
anti-rabbit secondary antibody at 1:8,000 dilutions for 45 minutes at room temperature. 
Finally, the membrane was subjected to non-radioactive detection with enhanced 
chemiluminescence kit (ECL, Amersham Pharmacia Biotech Inc., Piscataway, NJ) according to 
the manufacturer's recommendations. 
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2.7 Screening of transgenic BY-2 cells expressing YFP markers 
2.7.1 Kanamycin killing curve 
A killing curve study was also carried out to determine the minimum concentration of 
kanamycin to be used that kills wild type BY-2 cells, so that such optimal concentration can be 
used to select the newly transformed transgenic cell lines onto 1% MS agar plates supplemented 
with Kanamycin. Thus, a various concentrations (200, 100，50, 25 and lO.mg/L) of kanamycin 
were separately added into a six-well-plate filling with 1% MS agar, followed by the addition of 
the same amount of wild type BY-2 cells at a very diluted cell concentration. This plate was 
then kept in dark at room temperature for two to three weeks before the cells at the six wells 
were assessed for their growth and viability. 
2.7.2 Kanamycin screening 
Newly transformed BY-2 cells were plated on 1% MS agar plates supplemented with 50 
mg/L kanamycin and 250 mg/L cefotaxime and kept in dark until tiny callus appeared. 
Individual tiny callus was then transferred into new MS agar plates supplemented with 50 mg/L 
kanamycin and 50 mg/L cefotaxime. Finally, transgenic cell lines were continuously 
subcultured once a month in 1% MS agar plate only supplemented with 50 mg/L kanamycin. 
~38~ 
Chapter 2 Materials and Methods 
2.7.3 Fluorescent and confocal screening for YFP reporters 
For each of the established transgenic cell lines, half amount of the cultured callus was 
re-suspended in 200 \i\ of ddHaO and then subjected to fluorescent and confocal screening. 
For fluorescent screening, FITC filter installed in an inverted Eclipse TE300 microscope (Nikon, 
Tokyo) was used and looked for YFP signals and patterns. For confocal screening, 
YFP-scanning method was used and looked for YFP signals and patterns. All confocal 
fluorescence images were collected using a Bio-Rad Radiance 2100 system (Maylands Avenue, 
Hemel Hempstead) controlled by LaserShape2000 software (Bio-Rad, Maylands Avenue, 
Hemel Hempstead) with the following parameters: 60X objective oil lens (Nikon, Tokyo), IX 
zoom, optimal iris and 512 X 512 box size pixel. The filter sets were used as follows: 
excitation wavelength 514 nm, emission filter HQ545/40. Untransformed wild type BY-2 cells 
were also included as controls. 
2.7.4 Genomic DNA extraction from BY-2 cells 
Genomic DNA of BY-2 cells was isolated by the Cetyltrimethylammonium bromide 
(CTAB) method (Doyle et al., 1990) with some modifications. 2-3-day-old suspension 
cultures of control and transgenic cells were collected by vacuum filtration. 500 |xl filtered 
cells were then transferred to a 1.5 ml centrifuge tube and frozen in liquid nitrogen. The 
frozen cells were grinded in 500 \i\ of 2% CTAB buffer [100 mM Tris-HCl, pH 8.0, 1.4 M NaCl， 
20 mM EDTA, 2% CTAB, 0.2% 2-mercaptoethanol (P-mer)] with glass rod in the presence of 
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sterile glass beads. The homogenate was incubated at 60�C for 40 minutes with occasional 
mixing. 500 |li1 of chloroform / isoamyl alcohol (24:1, v/v) was added. The homogenate was 
mixed and centrifuged at 14,000 rpm for 15 minutes. The upper aqueous layer was transferred 
to a new tube and mixed with 500 |xl of cold isopropanol. The mixture was kept at -20°C for 
an hour and then centrifuged at 14,000 rpm for 30 minutes. The pellet was washed with cold 
70% EtOH. Dried pellet was dissolved in 50 [d of ddHsO and quantified by OD260 for DNA 
concentration and quality. 
2.7.5 PCR of genomic DNA 
PCR was performed to detect the presence of YFP reporter transgene in transgenic BY-2 
cells. 25 |il reaction mix containing 500 ng of genomic DNA, IX PCR buffer, 2 mM MgCli, 
0.2 mM dNTPs, 1 |iM S-YFP-F and YFP-R (Table 2.2) and 1 unit ofTaq polymerase (Promega, 
Madison, WI) was prepared for PCR reaction using the following conditions: 95�C for 10 
minutes, 30 cycles of 95°C for 1 minute, 6TC for 30 seconds and 72°C for 1 minute, followed 
by one cycle of 72°C for 10 minutes. 5 fxl of PCR product was detected by agarose / TBE gel 
electrophoresis. 
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2.7.6 Southern blot analysis of genomic DNA 
2.7.6.1 Synthesis of single-stranded DIG-laheled DNA probe 
Anti-sense DIG-labeled YFP probe was synthesized by PCR technique. YFP DNA 
fragment was excised from pYFP-BP-80 by BamHI and EcoRI double digestion and used as 
template for PCR. 100 [i\ reaction mix containing 250 ng of the YFP template, IX PCR buffer, 
1 mM MgCb, 2 mM DIG dNTPs (Roche, Mannheim, WI)，1.5 i^M YFP-R primer (Table 2.2)， 
and 5 units of Taq polymerase (Promega, Madison, WI) was prepared for PCR reaction with the 
following conditions: 95°C for 10 minutes, 55 cycles of 95°C for 1 minute, 62°C for 30 seconds 
and 72�C for 1 minute, followed by 72�C for 10 minutes. The labeling efficiency of the probes 
was estimated by a spot test using DIG-labeled control DNA as described in the manual for DIG 
DNA Labeling Kit (Roche, Mannheim, WI). 
2.7.6.2 Southern blot analysis 
Twenty |xg of genomic DNA was digested with Hindlll for 16 hours, separated by 0.8% 
agarose / TBE gel at 55V for approximately 4 hours and then transferred to a positively charged 
nylon membrane (Roche, Mannheim, WI) using the VacuGeneXL Vacuum blotting System 
(Pharmacia Biotech). After UV-crosslinking, the membrane was prehybridized in Church 
buffer [7% SDS, 50% formamide, 5X SSC, 2% blocking reagent, 50 mM sodium phosphate, pH 
7.0 and 0.1% N-lauroylsarcosine] at 42°C for 2 hours. Hybridization was carried out in 
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Church buffer with 25 ng/ml of anti-sense DIG-labeled YFP DNA probe at 42X for 15 hours. 
After two low stringency washes (2X SSC, 0.1% SDS) at room temperature for 15 minutes, the 
membrane was subjected to two high stringency washes (0.5X SSC, 0.1% SDS) at 68�C for 15 
minutes. Chemluminescent detection was carried out with CSPD as described in the manual 
for DIG Luminescent Detection Kit (Roche, Mannheim, WI). 
2.7.7 Subcellular fractionation and protein extraction 
The strategy used in this section for YFP reporters is the same as the method described in 
Section 2.6.4. 
2.7.8 Protoplast preparation，vacuolar fractionation and protein extraction 
Protoplast preparation and subcellular fractionation of BY-2 cells were carried out 
essentially as described (Jiang and Rogers, 1998). Fifty ml of 2-day-old transgenic suspension 
BY-2 cells were collected by centrifugation at 150 rpm for 10 minutes. Supernatant was 
discarded and cells were resuspended in 0.4 M mannitol for equilibration of cells. Mannitol 
solution was discarded and lysis solution [1% cellulase 'Onozuka' RS (Yakult Pharmaceutical 
Ind. Co., Ltd, Tokyo), 0.05% pectinase (Worthington, Freehold, NJ), 1% driselase and 0.4 M 
mannitol, pH 5.5] was added. The mixture was then agitated by rotary shaking at 50 rpm for 2 
hours. Cell wall digestion was monitored by examining aliquots of cells under a microscope. 
When over 90% of the cells had become round protoplasts, the protoplasts were collected by 
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centrifugation at 150 rpm for 10 minutes, and washed once with cold 0.4 M mannitol. The 
protoplasts was then layered on a step gradient of 12 and 15% Ficoll in 0.6 M mannitol and 20 
mM HEPES, pH 7.7. After centrifugation at 355,000 rpm for 2 hours at 25�C in Beckman 
SW-60 Ti rotor, the V fraction and P fraction were removed and resuspended in protein 
extraction buffer, followed by the addition of SDS to each fraction to a final concentration of 
1%. The extracted proteins were collected after centrifuging the samples at 14,000 rpm for 10 
minutes 
2,7.9 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and Western blot analysis 
The strategy used in this section for YFP reporters is the same as the method described in 
Section 2.6.5. 
2.8 Production of anti-BP-80 CT antibody 
2.8,1 Conjugation of synthesized peptide to carrier protein 
Synthetic peptides corresponding to the amino acid sequences of BP-80 cytoplasmic tail 
(CT) (CKYRIRQYMDSEIRAIMAQYMPLD) were synthesized (Genemed Synthesis, Inc., SF). 
Because the synthesized peptides were too small to stimulate the immune response of injected 
rabbit, the peptides were thus coupled to carrier molecules (either BSA or KLH) prior to used 
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for rabbit injection. In this study, the synthetic peptides of BP-80 CT were conjugated to 
Pierce Mariculture keyhole limpet hemocyanin (mcKLH) or BSA according to manufacturer's 
instructions (Imject® Maleimide Activated Immunogen Conjugation Kit, Pierce, Rockford, IL). 
2.8.2 Immunization of rabbit 
Freund's complete Adjuvant was first mixed with synthetic BP-80 CT peptide conjugated 
to KLH or BSA carrier protein, the mixture was used to inject four rabbits at the animal house 
of the Chinese University of Hong Kong. A total of four injections per rabbit were performed 
using conjugated peptides at 200 |j.g at the first time, followed by 100 j^ g per injection per week 
thereafter. Before each injection, 20 ml of rabbit serum was collected and used for titer 
determination by dot-blot analysis (see below). 
2.8.3 Dot-blot analysis 
Various amounts of synthetic BP-80 CT peptide (50, 25，10，5 and 2 ng) were dotted on 
nitrocellulose membranes (0.45 \im) strips. The strips were then incubated with immunized 
rabbit serum at a dilution of 1:50 at 4 � C overnight, followed by incubation with anti-rabbit 
secondary antibody at 1:8,000 dilutions for 45 minutes at room temperature. Finally, the 
membrane was subjected to non-radioactive detection with enhanced chemiluminescence kit 
(ECL, Amersham Pharmacia Biotech Inc., Piscataway, NJ) according to the manufacturer's 
recommendations. Serum collected rabbits before the antigen injection were used as controls. 
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2,8,4 Construction of affinity column and affinity purification of anti-BP-80 
CT antibody 
An affinity column using Cyanogen bromide-activated-Sepharose coupling with synthetic 
BP-80-CT peptides was constructed according to manufacturer's instructions. Immunized 
rabbit serum was then mixed with the matrix overnight before the coupled anti-BP-80 antibody 
was eluted with 0.2 M glycine, pH 2.0. The purified anti-BP-80 CT antibody was stored 
a t -20�C. 
2.9 Chemicals 
Most chemical used were of reagent grade or molecular grade and were purchased from 
Sigma Chemical Co. (St. Louis, MO) or otherwise noted. Restriction enzymes and other 
modifying enzymes for molecular biology experiments were obtained from New England 
Biolabs Inc. (Beverly, MA) and Promega Biosciences (Madison, WI) unless specified. 
2.10 Primers 
Oligonucleotides used in this study were synthesized by Integrated DNA Technologies, Inc. 
(Coral ville, I A) and listed in Table 2.2. 
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2.11 Bacterial strain 
Escherichia coli strain DH5a (Invitrogen, Carlsland, CA) was used as a host for plasmid 
manipulation and maintenance. Agrobacterium tumefaciens strain LBA4404 containing the 
helper Ti plasmid pAL4404 was used in tobacco BY-2 cell transformation. 
Table 2.2. Sequence of oligos used in this study. 
GGG GGA TCC ATG GCC CAC GCC CGC 
GTC CTC CTC CTG GCG CTC GCC GTC CTG As forward primer for 
LL5 p g r amplification of 
GCC ACG GCC GCC GTC GCC GTC GCC SP-RFP DNA fragment 
GCC TCC TCC GAG AAC GTC ATC 
GGG GAA TTC CAG GAA CAG GTG GTG 八呂 reverse primer for 
LL6 PCR amplification of  
GCG GCC SP-RFP DNA fragment 
GGG GGA TCC ATG GCC CAC GCC CGC 
GTC CTC CTC CTG GCG CTC GCC GTC CTG ^^ forward primer for 
YFP-F PCR amplification of 
GCC ACG GCC GCC GTC GCC GTC GCC SP-YFP DNA fragment 
AGT AAA GGA GAA GAA CTT TTC 
As reverse primer for 
PCR amplification of 
SP-YFP DNA fragment; 
‘ GGG GAA TTC CTT GTA CAG CTC GTC CAT as reverse primer for 
YFP-R 
QQC • genomic DNA PCR; as 
primer for synthesis of 
single strand 
DIG-labeled DNA probe 
GGG GAG CTC AGT AAA GGA GAA GAA As forward primer for 
S-YFP-F 
TTC genomic DNA PCR 
~46~ 
Chapter 3 Results 
3. Results 
3.1 Generation and characterization of transgenic BY-2 cell lines 
expressing RFP reporters 
3.1.1 Construction of red fluorescent markers 
Two different constructs of red fluorescent protein markers, pRFP-BP-80 and pRFP-a-TIP, 
were subcloned into the Agrobacterium binary vector pCAMBIA3300N and transformed into A. 
tumefaciens LBA4404 by electroporation for tobacco BY-2 cells transformation. Restriction 
mapping and DNA sequencing were performed to verify both constructs. Figure 2.10 showed 
the structure of these two RFP reporters where their specific amino acid sequences were listed in 
Table 2.3. The hypothesis to be tested here is that the RFP-BP-80 and RFP-a-TIP are markers 
for lytic prevacuolar compartments (PVCs) and PVCs for protein storage vacuole (PSV), 
respectively in BY-2 cells. 
„ / / / 
pRFP-BP-80 P l ^ l ^ l ^ H ^ H ^ I H l 
pRFP-a-Tip j ^ ^ m ^ n ^ m j 
m Signal peptide • • RFP (DsRedZ) 
m FLAG and Spacer ^ ^ BP-80 TMD 
n m BP-80 CT H a-TlP CT 
Figure 2.10. Schematic illustration of RFP reporter proteins (pRFP-BP-80 and 
pRFP-a-TIP) that contain different cytoplasmic tail sequences used in this study. The 
diagrams are not drawn to scale. 
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(A) Amino acid sequences of signal peptide in the N-terminal regions of the constructs. (B) 
Amino acid sequences of red fluorescent protein. (C) Amino acid sequences of yellow 
fluorescent protein. (D) Amino acid sequences of the C-terminal regions of the constructs. The 
transmembrane domain (TMD) region of each construct is underlined and the CT region is double 
r 
underlined. Construct pRFP-BP-80 and pRFP-a-TIP contain the TMD from BP-80. Construct 
pRFP-BP-80 has the cytoplasmic tail (CT) from BP-80. Construct pRFP-a-TIP has the CT from 
a-TIR The residues SKTASQAK (dotted underlined) are parts of the lumenal portion of BP-80 
immediately adjacent to the TMD region. The sequence DYKDDDDK (wavy underlined) is the 
FLAG region. 
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3,1.2 Glufosinate ammonium at 2,5 mg/L was optimal 
The minimum amount of glufosinate ammonium that killed wild type BY-2 cells was tested 
by transferring wild type BY-2 cells onto 1% MS agar supplemented with different 
concentrations of glufosinate ammonium. The results indicated that glufosinate ammonium 
used at 2.5 mg/L was the minimum concentration that prevented the wild type BY-2 cells 
growth efficiently (Fig 2.11). Thus, glufosinate ammonium at 2.5 mg/L was used in this study 
to select transformed BY-2 cells expressing the YFP reporters. 
Figure 2.11. Glufosinate ammonium killing 
l ^ ^ T W ^ l ^ ^ ‘ I Wild type BY-2 cells were plated on 
j ^ ^ ^ ^ m j j t K ^ t • various concentration of glufosinate ammonium (5， 
l i ^ ^ ^ ^ P H p f e l S ^ B I 2.5, 2, 1, 0.5 and 0 mg/L) and kept in dark for two to 
『 ： 务 • three weeks. A: Control, 0 mg/L of glufosinate 
二 i ^ ^ ^ j P H H P ^ I ammonium; B: 5 mg/L; C: 2.5 mg/L; D: 2 mg/L; E: 
sal— 
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3. L 3 Generation of glufosinate ammonium-resistant transgenic B ¥-2 cells 
expressing the YFP reporters 
Two to three weeks after transforming BY-2 cells with pRFP-BP-80 and pRFP-a-TIP, tiny 
transgenic BY-2 cell calli grew up under 2.5 mg/L of glufosinate ammonium (Fig. 2.12，panel 
A). Each individual callus was then sub-cultured in the new MS plates separately and each 
grown callus was treated as an individual cell line in subsequent studies (Fig. 2.12, panel B). 
Transgenic BY-2 cells expressing the RFP-BP-80 reporter was named as BY-2 (RFP-BP-80) 
while transgenic cells expressing the RFP-a-TIP was termed as BY-2 (RFP-a-TIP) for easy 
identification in this study. 
國 
Figure 2.12. Glufosinate ammonium screening of transgenic BY-2 (RFP-BP-80) and 
BY-2 (RFP-o-TIP). (A) Two to three weeks after Agrobacterium-mQAidXQd transformation, 
tiny transgenic cell calli appeared. (B) Tiny cell calli (from A) were subcultured in MS plate 
(2.5 mg/L glufosinate ammonium) separately. 
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3, L 4 Characterization of transgenic B Y-2 cell lines expressing RFP reporters 
Since BY-2 (RFP-BP-80) and BY-2 (RFP-a-TIP) could grow very well in media containing 
glufosinate ammonium, confocal microscope was therefore used to detect RFP signals from 
these transgenic cell lines. However, little RFP signal was detected after examining more than 
100 individual transgenic cell lines. As shown in Figure 2.13, little punctating RFP signals 
was detected from cells expressing either RFP-BP-80 (Panel A) or RFP-a-TIP (Panel B). In 
addition, auto-fluorescent signals were only observed in death cells, such signals were also 
found in wild type BY-2 dead cells (Fig. 2.13, panel C). This result indicated that these two 
transgenic BY-2 cell lines did not express detectable RFP. Furthermore, the growth and 
morphology of these 'transgenic cells under the selection of herbicides were different from wide 
type BY-2 cells (see DIC images below). 
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A RFP-BP-80 D i e B RFP-a-TIP DIC 
瞧圓 
C WT DIC 
Figure 2.13. Absence of punctating RFP signal in transgenic cell lines expressing 
RFP-BP-80 and RFP-a-TIP. Only autofluorescent signals were observed in dead cells. (A) 
Autofluorescent signals of BY-2 (RFP-BP-80) dead cells. (B) Autofluorescent signals of BY-2 
(RFP-a-TIP) dead cells. (C) Autofluorescent signals of wild type BY-2 death cells. DIC, 
Differential Interference Contrast images showing the morphology of the scanned cells. Bars 
= 1 0 陣 
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3.1,5 Western blot detection of RFP in transgenic BY-2 cells expressing RFP 
reporters 
To further confirm the incapability of detecting RFP signals via confocal microscope in 
these two transgenic cell lines expressing the RFP reporters, I performed Western blot analysis 
on these two transgenic cell lines. Soluble proteins (CS fraction) and membrane proteins (CM 
fraction) were first extracted from both transgenic and wild type BY-2 cells, followed by 
SDS-PAGE and Western blot detection using anti-DsRed antibody (Clontech, Palo Alto, CA). 
The predicted size for RFP-BP-80 reporter protein is 37 kDa, while RFP-a-TIP is 36.2 kDa. 
As shown in Figure 2.14, no band was detected from wild type BY-2 cells (lanes 1 and 2). In 
addition, no bands with expected sizes for the two RFP reporters were detected from cells 
expressing these two reporters (lanes 3 一 6)，even though some bands of various sizes were 
visible in both CS and CM fractions. Thus, RFP reporters of appropriate sizes were absent 
from these two transgenic BY-2 cell lines. The failure in generating transgenic BY-2 cells 
expressing RFP reporters may be due to the toxicity of RFP proteins to cells, or due to RFP 
degradation in BY-2 cells as supported from the Western blot analysis. In order to solve this 
problem, I decided to use YFP as a reporter to replace RFP in these constructs and generate 
transgenic BY-2 cells expressing YFP reporters for subsequent analysis (see below). 
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BY2 BY-2 BY-2 
(WT) (RFP-BP-8Q) (RFP-«-TIP) 
CS CM CS CM CS CM kDa 
40 
• . .. 
• 一 2H.1 
1 » 
‘ — 2 1 , 7 
Trtii 
書 A flHA 
1 2 3 4 5 6 
Figure 2.14. RFP reporters were absent from both BY-2 (RFP-BP-80) and BY-2 
(RFP-a-TIP) in Western blot detection using anti-RFP antibody. The arrowhead in 
the left indicates the predicted size of the RFP reporters. Lane 1 and 2 represent the 
proteins prepared from wild type BY-2; Lane 3 and 4 from BY-2 (RFP-BP-80); Lane 5 and 
6 from BY-2 (RFP-a-TIP). Lane 1，3 and 5 are the cell soluble (CS) fraction, while Lane 
2，4 and 6 are the cell membrane (CM) fraction. Molecular weight on the right is 
indicated at kDa. 
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3.2 Generation and preliminary characterization of transgenic 
BY-2 cell lines expressing YFP reporters 
3,2,1 Construction of YFP reporters 
To solve the RFP problem described above, YFP was used as a reporter to replace RFP in 
the constructs. The two different YFP reporters, pYFP-BP-80 and pYFP-a-TIP, were 
subcloned into Agrobacterium binary vector pBI121. Both YFP reporters for PVCs and 
pGONSTl-YFP for Golgi were then transferred into A. tumefaciens LBA4404 by 
electroporation before they were used for tobacco BY-2 cells transformation. Restriction 
mapping and DNA sequencing was performed to verify these constructs. The structures of 
these three constructs were shown in Figure 2.15. Again, the hypothesis to be tested here is 
that the YFP-BP-80 and YFP-a-TIP are markers for defining lytic prevacuolar compartments 
(PVCs) and PVCs for protein storage vacuole (PSV), respectively in BY-2 cells; while the 
GONSTl-YFP is a marker for Golgi in BY-2 cells. 
m signal peptide m m YFP m GONSTI 
M I FLAG and Spaccr ^ BP-«0 TMD 
m i l BP-80 CT m a-TIP CT 
Figure 2.15. Schematic iUustration of YFP reporters (pYFP-BP-80, pYFP-o-TIP and 
pGONSTl-YFP) used in this study. The diagrams are not drawn to scale. 
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3.2.2 Kanamycin at 50 mg/L was optimal 
A killing curve study was carried out to determine the minimum concentration of 
kanamycin to be used for selection of transformed BY-2 cells. According to the results, 
kanamycin at 50 mg/L was the minimum concentration that killed the wild type BY-2 cells 
efficiently (Data not shown) and thus such concentration was used in selecting transformed 
cells. 
3.2J Generation of kanamycin-resistant BY-2 cells expressing YFP reporters 
Transformed BY-2 cells were plated on 50 mg/L kanamycin for first round selection. In 
media containing 50 mg/L kanamycin, all the transgenic BY-2 cells reached a stage of forming 
tiny cell calli within two to three weeks. Each callus was subcultured into new MS plates 
independently and separately. For easy identification, BY-2 cell transformed with 
pYFP-BP-80 was named as BY-2 (YFP-BP-80); cell transformed with pYFP-a-TIP was termed 
as BY-2 (YFP-a-TIP); while cell transformed with pGONSTl-YFP was named as BY-2 
(GONSTl-YFP). All these three cell lines were maintained in solid media via subculture 
twice a month. For liquid culture, cells were subcultured once a week and cultures were 
maintained in shakers at 125 rpm. 
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3.2.4 Screening transgenic BY-2 cell lines via detection of YFP signals with 
fluorescent and confocal microscopy 
The kanamycin-resistant cell lines were then subject to the second round screening using 
fluorescent and confocal microscopes for YFP signals. Half of each cell callus two to three 
days after subculture was picked and subjected to examination under fluorescent and confocal 
microscopes for YFP signals. For BY-2 (YFP-BP-80), more than 100 different cell lines were 
screened and 98% of them gave different degrees of punctate yellow fluorescent signals (Table 
2.4，A). For BY-2 (YFP-a-TIP), more than 90% of the tested cell lines showed different 
degrees of yellow fluorescent signals (Table 2.4, B), but some were diffused within the cells and 
had little punctate signals. For BY-2 (GONSTl-YFP), all of the tested cell lines gave different 
degrees of yellow fluorescent signals (Table 2.4, C) with a similar punctate patterns to that of 
BY-2 (YFP-BP-80). 
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Table 2.4. YFP signals detected from tested transgenic cell lines. 
5+ 0 0 
4 + 4 4 
3+ 19 19 
2+ 48 48 
1+ 27 27 
眺 - 腦 通 層 • 翻 I g w ^ l ^ — 
5+ 0 0 
4 + 0 0 
3+ 18 36 
2+ 21 42 
1+ 6 12 
- 5 \0  
5 + 0 0 
4+ ‘ 25 25 
3+ 45 45 
2+ 29 29 
1+ 1 1 
- 0 0 
5+ to 1+ indicated different degrees of YFP signals where 5+ was the highest and 1+ was the 
weakest but above background level. 
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3,2,5 Integration of YFP reporter genes 
In addition to the screening with kanamycin selection and YFP detection with fluorescent / 
confocal microscope, PGR and Southern blot analysis of genomic DNA of transgenic cell lines 
were also performed to confirm the stable integration of the YFP reporter genes into the BY-2 
cell genome. 
5.2.5.7 PCR of genomic DNA 
Genomic DNA extracted from transgenic cell lines was used as DNA template in the PCR 
using YFP specific primers (S-YFP-F and YFP-R, Table 2.2) to amplify the YFP fragment. 
Positive controls using pYFP-BP-80 and pYFP-a-TIP plasmid DNA as templates instead of 
genomic DNA were also included. As shown in Figure 2.16, all the transgenic cell lines (Lane 
3: BY-2 (YFP-BP-80); Lane 5: BY-2 (YFP-a-TIP); Lane 6: BY-2 (GONSTl-YFP)) gave a PCR 
product with expected size of 711 bp (size of YFP; same as positive control), but no band was 
detected from PCR using the wild-type DNA as a template (Lane 1). This result demonstrated 
that the YFP reporter genes have been successfully integrated into the genome of transgenic 
BY-2 cells expressing the YFP reporters. 
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3,2.5,2 Southern blot analysis 
The integration of YFP reporter genes into the genome of transgenic BY-2 cells was further 
confirmed by Southern blot analysis using YFP DNA fragment as a probe for hybridization. 
As shown in Figure 2.17，single band was detected in BY-2 (YFP-a-TIP) (Lane 1)，while two 
bands were detected from cell line expressing YFP-BP-80 (Lane 2). For cells expressing 
GONSTl-YFP, four bands were detected (Fig 2.17，Lane 3). These results indicated that one, 
two and four copies of transgenes had been stably integrated into the genomes of the tested 
individual cell lines expressing these three different YFP reporters. In addition, because one 
single band was also detected from a positive control (using plasmid pYFP-BP-80, Fig. 2.17， 
Lane 5) and no band was detected from wild type cell lines (Figure 2.17, Lane 4), we can 
further confirmed that all transgenic BY-2 cell lines contain transgenes in their genome. 
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Figure 2.16. PCR analysis of genomic DNA extracted from wild-type and transgenic 
BY-2 cell lines. Panel A: The presence of PCR products of expected size (711 bp) amplified 
from all the transgenic cell lines and positive controls (pYFP-BP-80 and pYFP-a-TIP), but 
absence in the wild-type (WT). Panel B: Genomic DNA extracted from WT and transgenic 
cell lines using the CTAB method. Lane 1: BY-2 (WT); Lane 2: pYFP-BP-80; Lane 3: BY-2 
(YFP-BP-80); Lane 4: pYFP-a-TIP; Lane 5: BY-2 (YFP-a-TIP); Lane 6: BY-2 
(GONSTl-YFP). 
、歡 
I Figure 2.17. Southern blot analysis of 
^ ^ m m ' ^ ^ ^ M H transgenic cell lines. Panel A: Result of southern 
夂 i — ^ ^ ^ ^ i ^ f c blot analysis. Panel B: Digested genomic DNA. 
B ^ BY-2 (YFP-a-TIP), single band was detected 
I t ^ l ^ l (Lanel), while the BY-2 (YFP-BP-80) gave two 
3 | l I bands (Lane 2). For BY-2 (GONSTl-YFP), four 
^ ^ K ^ K M — bands were observed (Lane 3). For BY-2 (WT), 
no band was detected (Lane 4). For positive 
control, in which plasmid pYFP-BP-80 was used, 
1 2 3 4 5 single band was detected (Lane 5). 
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3.2,6 Detection of YFP reporter proteins 
The results obtained so far indicated that the YFP transgenes had been stably integrated 
into the genome of tested transgenic BY-2 cell lines. The next goal was to detect the YFP 
reporters and study their subcellular localization in these transgenic cell lines. To further find 
out if YFP reporter proteins are present in these transgenic cell lines, Western blot analysis was 
carried out using anti-GFP antibody and anti-BP-80 CT antibody to detect YFP fusion proteins. 
As shown in Figure 2.18, when proteins isolated from cells expressing YFP-BP-80 and 
YFP-a-TIP reporters were used in Western blot detection, bands with expected size for the 
full-length fusion protein (38 kDa for YFP-BP-80 and 36 kDa for YFP-a-TIP) were detected in 
the CM fraction (Panel B, Lane 6 and 8) by anti-GFP antibody, while the full-length YFP-BP-80 
also detected in the vacuole fraction by either anti-GFP antibody (Panel C, Lane 10) or 
anti-BP-80 CT antibody (Panel D，Lane 12)，a result consistent with the predicted membrane 
localization of the YFP reporters. However, in cells expressing the GONSTl-YFP, a strong 
band at 29 kDa (a size similar to YFP) was detected in both CS and CM fractions, no expected 
band for the fusion at 65 kDa was detected (Fig 2.18, Lane 3 and 4)，indicating the 
GONSTl-YFP may have been processed in transgenic BY-2 cells. No band was detected in 
wild type BY-2 cells (Fig 2.18, Lane 1, 2，9 and 11)，indicating the specific detection by this 
anti-GFP antibody in transgenic BY-2 cells. Detailed discussion about this phenomenon is 
discussed in the next section. 
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Figure 2.18. Western blot analysis of YFP reporters in transgenic BY-2 cell lines 
expressing the three YFP reporters. Equal amounts (150 ^g) of proteins isolated from 
wild type or transgenic cell lines by either subcellular fractionation (Panel A and B) or 
vacuolar fractionation (Panel C and D) were subjected to SDS-PAGE, followed by detection 
using anti-GFP antibody (Panel A, B and C) or anti-BP-80 CT (Panel D). In Panel A and B， 
both CS and CM fractions were included (CS fraction: Lane 1, 3, 5 and 7; CM fraction: 2，4’ 
^ 如d 8). In Panel C and D, only vacuole fraction (V fraction) was included (Lane 9—12). 
Cell lines used for protein extraction were indicated above each sample. Molecular weight 
on the right was indicated at kDa. 
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3.3 Confocal detection of YFP reporters in transgenic cell lines 
To study the subcellular localization of YFP reporters in these three transgenic BY-2 cell 
lines, confocal microscope was first used to detect YFP signals in living cells. As shown in 
Figure 2.19, similar punctate YFP signal patterns with sizes of 0.5 - 1 nm were detected from 
transgenic cell lines expressing either YFP-BP-80 or GONSTl-YFP reporters (panels 1 and 3), a 
result consistent with previous results that both Golgi and PVC exhibited punctate patterns in 
tobacco cells. On the other hand, YFP signals detected from cells expressing the YFP-a-TIP 
reporter showed some diffused and punctating patterns in living cells (panel 2). Thus, 
transgenic BY-2 cell lines expressing these three YFP reporters have been successfully 
generated and YFP signals could be detected directly from these transgenic living cells. In the 
next chapter, detailed analysis on the two cell lines expressing the YFP-BP-80 and 
GONSTl-YFP reporters will be presented in illustrating the dynamics of plant PVCs. 
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YFP-BP-80 YFP-a-TIP GONSTl-YFP 
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Figure 2.19. Confocal detection of YFP signals from cells expressing these three YFP 
reporters as indicated. DIC = Differential Interference Contrast images showing the 
morphology of the screened cells. Bar = 20 pm. 
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3.4 Characterization of anti-BP-80 CT antibody 
During the 2 to 3 month period of immunization, the antibody titer was monitored 
regularly by dot-blot analysis using diluted serum. Figure 2.20 showed an example of such dot 
blot analysis. Serum collected at 3 weeks detected peptide at 10 ng, the sensitivity of detection 
was thereafter increased to 5 and 2 ng at 4 and 6 weeks respectively. In contrast, no signals 
were detected when control serum was used (control). These results together indicated that 
serum collected as early as 3 weeks after injection contained anti-BP-80 CT antibody that can 
recognize the synthetic BP-80 CT peptides. 
The specificity of affinity-purified anti-BP-80 CT antibody was further tested via Western 
blot analysis using proteins extracted from BY-2 cells. As shown in Figure 2.21, the 
anti-BP-80 CT antibody detected a single band of 80 kDa from BY-2 protein extracts. Similar 
size of proteins was also detected from proteins extracted from other plant materials including 
rice，mungbean, soybean and Arabidopsis (data not shown). Thus, this anti-BP-80 CT 
antibody specifically detected VSR proteins in various plant species. 
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Figure 2.20. Dot-blot analysis of immunized rabbit serums collected from different 
time-points in the immunization period. 
BY-2 
^ kDa 
^ 1 — 8 5 . 9 
^ • — 6 8 . 8 
Figure 2.21. Western blot analysis of affinity purified 
anti-BP-80 CT antibody in wild type BY-2 cell protein 
extracts. 
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4. Discussion 
The endomembrane system in the plant secretory pathway contains several 
membrane-bound organelles that play important roles in mediating protein trafficking, central to 
these organelles are prevacuolar compartments (PVCs) mediating protein trafficking between 
Golgi and vacuole. Identification and functional characterization of plant PVCs have been 
challenging because plant cells contain multiple vacuoles and multiple pathways are responsible 
for vacuolar targeting (Jiang and Rogers, 1998; Jiang and Rogers, 2001). Recently, it was 
demonstrated that VSR proteins concentrated on PVCs and thus can be used as markers to 
define PVCs. In addition, the BP-80 reporter, when expressed in transgenic tobacco culture 
cells, colocalized with endogenous tobacco VSR proteins. Therefore, as a first step to further 
characterize plant PVCs, here I tested the hypothesis that the BP-80 reporter is a marker for 
defining PVC in transgenic tobacco BY-2 cells. 
In this study, I first made a RFP-BP-80 reporter and generated transgenic BY-2 cells 
expressing this construct. However, no RFP signal was detected in transgenic cell lines 
expressing the RFP-BP-80 reporter. The negative result may be due to the possible toxicity of 
RFP proteins to BY-2 cells, or due to the proteolytic processing of the RFP reporter proteins in 
transgenic BY-2 cells as demonstrated by the Western blot analysis. In addition, the selection 
of transgenic cells with herbicide may result in the regeneration of unhealthy transformed cells. 
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To solve this problem, I then replaced the RFP with YFP to make the YFP-BP-80 construct 
and sub-cloned into the binary vector pBI121 so that kanamycin can be used to select 
transformed cells expressing the YFP reporter. As a result of such improvement, transgenic 
BY-2 cells expressing the YFP-BP-80 reporter proteins have been successfully generated. 
Using similar approaches, transgenic cell lines expressing either the YFP-a-TIP reporter (Jiang 
and Rogers, 1998) and the GONSTl-YFP reporter (Baldwin et al., 2001) were also generated 
via Agrobacterium-mQdidilQd transformation. Southern blot and PGR analysis demonstrated 
that all these three YFP reporter transgenes were stably integrated into the genome of transgenic 
BY-2 cells with different copy numbers. When anti-GFP antibody was used to detect YFP 
fusions from transgenic BY-2 cells expressing either the YFP-BP-80 or YFP-a-TIP reporters, a 
protein band with expected size of full-length fusion protein was detected in the CM fraction but 
a small band with the same size of YFP was detected in the CS fraction. Since YFP signals 
detected from these cell lines exhibited uniform punctate patterns, it is thus possible that both 
forms of YFP proteins remained intact in the same compartment and that the soluble YFP was 
derived from the full-length fusion upon processing within the compartment. Similarly, 
protein bands with size to YFP were detected in both CS and CM fractions of transgenic BY-2 
cells expressing the Golgi marker GONSTl-YFP that showed typical punctate YFP signals, 
indicating that the YFP proteins were separated from the GONSTl and remained intact within 
the Golgi (because later study described in chapter 3 demonstrated that GONSTl-YFP located 
to Golgi in BY-2 cells). It is worth mentioning that when Western blot analysis using anti-GFP 
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antibody was carried out in transgenic BY-2 cells expressing a Golgi marker Manl-GFP that 
was confirmed to locate to Golgi via immunoEM (Nebenfuhr et al, 1999)，similar processing of 
Manl-GFP occurred because only proteins with size similar to GFP were detected (data not 
shown). The characteristics of these newly developed transgenic tobacco BY-2 cell lines 
described in this chapter are summarized and listed in Table 2.5. 
In conclusion, transgenic tobacco BY-2 cell lines expressing three YFP reporters have been 
successfully generated in this study. These cell lines will provide useful tools for the study of 
the dynamic of plant PVCs as well as their relationship with Golgi organelles in living cells. 
However, before the goal is achieved, the identity of the YFP-BP-80 marked organelles needs to 
be identified and confirmed. Therefore, in the next chapter, I will describe detailed studies on 
the characterization of transgenic BY-2 cell lines expressing the YFP-BP-80 reporter vs. the 
GONSTl-YFP reporter. 
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Table 2.5. Summary of characteristics of the tested transgenic tobacco BY-2 cell lines 
expressing various YFP reporters in this study. 
Transgenic cell lines  
BY-2 (YFP-BP-80) BY-2 (YFP-a-TIP) 87-2 (G0NST1-YFP) 
No of transgene 
insertions into the 2 Single 4 
BY-2 cell genome 
Proteins detected YFP-BP-80 reporter YFP-a-TIP reporter 
YFP alone 
in Western Blot and YFP alone and YFP alone 
Pattern of YFP �议 � 
Diffuse and signals in living Punctate patterns Punctate patterns 
cel ls punctate patterns 
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Dynamics of Plant Prevacuolar Compartments in 
Transgenic Tobacco BY-2 Cells 
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1. Introduction 
1.1 The plant secretory pathway 
The plant secretory pathway is comprised of several functionally distinct, 
membrane-bound organelles including the endoplasmic reticulum (ER), Golgi apparatus, 
prevacuolar compartments (PVCs) and vacuoles (Jiang and Rogers, 1999). Secretory proteins 
with signal peptides enter the pathway in the ER lumen and fold into the proper 
three-dimensional conformation. After that, proteins destined for other organelles in the 
secretory pathway are exported to the Golgi apparatus (Schekman and Orci, 1996). From late 
Golgi or trans-Golgi network (TGN), proteins that lack specific vacuolar targeting information 
will follow the default pathway that release proteins to the cell exterior. However, proteins 
with vacuolar targeting determinants will be targeted to vacuoles via PVCs, membrane-bounded 
organelles that mediate protein trafficking between Golgi and vacuoles. 
Plant cells consist of two functionally and biochemically distinct vacuoles: lytic vacuole 
(LV) and protein storage vacuole (PSV) (Neuhaus and Rogers, 1998). Proteins reach these two 
different vacuoles via two separate vesicular pathways diverging from the Golgi apparatus. 
The LV pathway, which shares common features with other eukaryotic cells, is mediated by 
clathrin coated vesicles (CCVs) and involved a vacuolar sorting receptor (VSR) protein BP-80. 
BP-80 is a type I integral membrane receptor protein that binds lytic cargo proteins with NPIR 
motif at a relatively neutral pH in the TGN and allows them to be selected into CCVs for 
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delivery to the LV via lytic PVCs. After releasing the cargo proteins under acidic environment 
in lytic PVCs, BP-80 is recycled back to the TGN for further cargo binding. The second 
pathway carries storage proteins to the PSV via dense vesicles (DVs). Sorting of storage 
proteins such as legumin and vicilin into DVs is associated with their inclusion in aggregates 
within Golgi cisternae (Hillmer et al,, 2001). A receptor-like protein, RMR, may serve as a 
receptor for this PSV pathway (Jiang et al., 2000). 
1.2 Organelle markers in plant secretory pathway 
To dissect the plant secretory pathway, it is important to establish markers for different 
organelles within the secretory endomembrane system. For example, antibodies to resident ER 
proteins, such as BiP and calnexin have been successfully used to identify ER (Staehelin, 1997). 
On the other hand, monoclonal antibody JIM84 and antibody to a Golgi-resident protein 
mannosidase I (ManI) are markers for identifying Golgi complex (Li et al, 2002). The two 
distinct vacuoles - LV and PSV, are marked by the presence of y-tonoplast intrinsic protein (TIP) 
and a-TIP, respectively (Jauh et al, 1999). Further, a newly prepared anti-VSR antibody 
raised against the truncated recombinant VSRam protein (lacks its TMD and CT) derived from 
Drosophila S2 cells (Cao et al,, 2000) is a marker for PVCs (Li et al, 2002; Sohn et al, 2003). 
However, unambiguous markers to identify and define plant PVCs morphologically and 
functionally in living cells are yet to be developed (Bethke and Jones, 2000). Since PVCs play 
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an important role in protein sorting to distinct vacuoles, generating markers for identifying and 
characterizing PVCs will provide valuable tools for plant cell biologists to dissect the functions 
and sorting mechanisms of PVCs in the plant secretory pathway. 
1.3 Markers for Lytic PVCs 
To characterize the lytic PVCs, it is necessary to first generate makers to define lytic PVCs 
in plant cells. BP-80, a VSR protein involving in the LV pathway, is a possible marker for the 
lytic PVCs. Although BP-80 has been shown to localize in both Golgi and lytic PVCs (Paris et 
aL, 1997)，results from recent studies using confocal immunofluorescence demonstrated that 
BP-80 and its homologs were predominantly concentrated in the lytic PVCs (Li et al., 2002). 
In addition, since the BP-80 reporter containing the BP-80 transmembrane domain (TMD) and 
cytoplasmic tail (CT) colocalized with the tobacco endogenous VSR proteins when it was 
expressed in transgenic tobacco cells (Jiang and Rogers, 1998), we thus hypothesize that both 
BP-80 and the BP-80 reporter are markers for defining the lytic PVCs. 
To test this hypothesis, I have constructed various YFP fusions and expressed them in 
transgenic BY-2 cells via Agrobacterium-mQdiated transformation. Thus far, several 
transgenic BY-2 cell lines expressing either the Golgi marker GONSTl-YFP reporter or the 
PVC marker YFP-BP-80 reporter have been generated (see Chapter 2). Preliminary analysis 
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on these transgenic cell lines indicated that the transgenes have been stably integrated into 
genome of BY-2 cells and that typical punctate YFP signals were detected from these transgenic 
cell lines (chapter 2). Therefore in this chapter, I will describe the detailed characterization on 
these two transgenic BY-2 cell lines expressing YFP reporters for Golgi and PVCs. Here I 
demonstrate that organelles marked by the GONSTl-YFP are distinct from those marked by the 
YFP-BP-80. In addition, GONSTl-YFP and YFP-BP-80 mark Golgi and PVCs because they 
colocalize with Manl and VSR respectively. I further demonstrate that YFP-marked PVCs are 
dynamic organelles in living cells. 
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2. Materials and Methods 
2.1 Confocal immunofluorescence studies 
‘ BY-2 cell fixation and confocal immunofluorescence were carried out essentially according 
to Jiang and Rogers (1998). Transgenic suspension culture BY-2 cells (2 to 3 days after 
subculture) or BFA / Wortmannin-treated cells were first fixed in fixation solution [50 mM 
Na-phosphate buffer, pH 7.0，5 mM EGTA, 0.02 % Azide, 4.5% paraformaldehyde] for 24 hours 
at room temperature. After washed with Na-phosphate-EGTA buffer for an hour, cell walls of 
the fixed cells were partially digested by 1% cellulysin cellulase in Na-phosphate buffer for 20 
minutes, while cell membranes were permeabilized by a 5 minutes treatment in 0.5% Triton 
X-100. Prior to incubation with primary antibodies, fixed cells were incubated with blocking 
buffer 1 [IX PBS, 1% BSA] for 30 minutes. Polyclonal or monoclonal antibody was then 
diluted in the blocking buffer 2 [IX PBS, 0.25 % BSA, 0.25 % Gelatin, 0.05 % NP-40, 0.02 % 
Azide] and incubated with the fixed cells at 4°C overnight at the following working 
concentrations: 4 fig/ml for anti-GFP and anti-VSRAt-i, 10 fig/ml for anti-Manl. These stained 
cells were further washed with blocking buffer 2, followed by incubation with 
rhodamine-conjugated secondary antibodies at a final dilution of 1:100 for one hour at room 
temperature. Finally, the labeled cells were washed twice with blocking buffer 2 and mounted 
on slides and used for image collection with confocal microscope. 
All confocal fluorescence images were collected using a Bio-Rad Radiance 2100 system 
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(Maylands Avenue, Hemel Hempstead) controlled by LaserShape2000 software (Bio-Rad, 
Maylands Avenue, Hemel Hempstead) with the following parameters: 60X objective oil lens 
(Nikon, Tokyo), IX zoom, optimal iris and 512 X 512 box size pixel. Because primary 
antibodies were detected with rhodamine-conjugated secondary antibodies while the two YFP 
reporters were ready for detection under confocal microscope with FITC setting, YFP / 
rhodamine scanning method (simultaneous or sequential scanning) was thus used to collect dual 
images. Care was taken to insure that the laser power and other settings (iris and gain) were 
set to a condition where no crossover signals between rhodamine and FITC emissions were 
detected. The filter sets were used as follows: for detecting YFP: excitation wavelength 488 
nm, emission filter HQS 15/30; for detecting rhodamine: excitation wavelength 543 nm, 
emission filter HQ600/50. The YFP images were pseudocolored in green and the rhodamine 
images were pseudocolored in red. The collected images were further processed using Adobe 
Photoshop software (San Jose, CA) as described by Jiang and Rogers (1998). The percentage of 
colocalization between two signals was calculated as previous described (Jiang and Rogers, 
1998; Li et al, 2002) 
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2.2 FM4-64 uptake study 
Transgenic suspension cultured BY-2 cells were first washed with MS medium, 0.5 of 
12 |j,M FM4-64 was then added to each 100 [i\ culture and incubated at room temperature for 5 
minutes. The FM4-64 treated cells were then washed with MS medium for several times and 
mounted on a slide for time-course observation under confocal microscope. All confocal 
fluorescence images were collected using a Bio-Rad Radiance 2100 system with a 60X 
objective oil lens (detail setting see Section 2.1 in this chapter) and the filter sets were used as 
follows: for YFP: excitation wavelength 514 nm and emission filter HQ545/40; for FM4-64: 
excitation wavelength 543 nm, mission filter HQ660LP. The YFP images are pseudocolored in 
green and the FM4-64 images are pseudocolored in red. Images were further processed using 
Adobe Photoshop software (San Jose, CA) as described in Section 2.1 in this chapter. 
2.3 Brefeldin A treatment 
2.3,1 Dosage effect 
Aliquots of brefeldin A (BFA) stock solution (5 mg of BFA in 1 ml DMSO) were added to 
500 \i\ of transgenic cells expressing either YFP-BP-80 or GONSTl-YFP to give various final 
concentrations (5, 10, 50, 100 and 200 |ig/ml). After 3 hours incubation at room temperature, 
treated cells were mounted on a slide for YFP image collection in confocal microscope. 
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2,3,2 Time-course effect 
In order to study the time-course effect of BFA on YFP-marked PVC and YFP-marked 
Golgi, 500 |il of transgenic cell lines expressing either YFP-BP-80 or GONSTl-YFP were 
incubated with 10 |xg/ml or 50 |j.g/ml of BFA at room temperature. During the period of BFA 
incubation, BFA-treated cells were then collected at indicated time (i.e. 15, 30, 45, 60，90，120 
and 180 minutes), and mounted on a slide for YFP image collection in confocal microscope. 
All confocal fluorescence images were collected using the YFP scanning method (detailed 
settings were described in Section 2.1 of this chapter), the filter sets were used as follows: 
excitation wavelength 514 nm and emission filter HQ545/40. The YFP images were 
pseudocolored in green. Images were further processed using Adobe Photoshop software (San 
Jose, CA) as described in Section 2.1 in this chapter. 
2.4 Wortmannin treatment 
2,4,1 Dosage effect 
Aliquots of Wortmannin stock (1 mM in DMSO) solution were added to 500 |xl of 
transgenic cells expressing either YFP-BP-80 or GONSTl-YFP to give various concentrations 
of Wortmannin (8.25, 16.5，33，66 and 99 |iM). After 3 hours incubation at room temperature, 
treated cells were mounted on a slide for YFP image collection in confocal microscope. 
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2,4,2 Time-course effect 
In order to study the time-course effect of 16.5 jxM of Wortmannin on YFP-marked PVC 
and YFP-marked Golgi, 500 \i\ of transgenic cell lines expressing either YFP-BP-80 or 
GONSTl-YFP were incubated with 16.5 |iM of Wortmannin at room temperature with periodic 
shaking. During the period of Wortmannin incubation, treated cells were collected at indicated 
time (15, 30, 45, 60, 120 and 180 minutes), treated cells were collected and mounted on a slide 
for YFP image collection in confocal microscope. 
All confocal fluorescence images were collected using the YFP scanning method (detailed 
settings were described in Section 2.1 of this chapter), the filter sets were used as follows: 
excitation wavelength 514 nm and emission filter HQ545/40. The YFP images were 
pseudocolored in green. Images were further processed using Adobe Photoshop software (San 
Jose, CA) as described in Section 2.1 in this chapter. 
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2.5 Movement study of YFP-marked PVC 
Two to three days after subculture, transgenic BY-2 cells were collected and mounted on a 
slide for observation and collection of YFP signals that indicated YFP-marked PVCs. 
Time-course collections of YFP images were carried out for up to 90 seconds with an interval of 
1.2 seconds using the YFP scanning method with time-course function (continuously scan, 1.2 
seconds for each scan) provided in LaserShape2000 (Bio-Rad, Maylands Avenue, Hemel 
Hempstead) (Detailed settings were described in Section 2.1 of this chapter). Individual 
frames in 1.2 s intervals were then further processed using Adobe Photoshop software (San Jose, 
CA) as described in Section 2.1 of this chapter. 
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3. Results 
3.1 Different internal organelles were labeled by two different 
YFP reporters 
In this study, only the two transgenic cell lines expressing the YFP-BP-80 reporter and 
GONSTl-YFP reporter (described in chapter 2) were used for further studies. Both reporters 
exhibited typical punctate patterns in living transgenic tobacco BY-2 cells (Fig. 3.1，panels 1 
and 2, discussed in chapter 2). To verify that the punctate fluorescent signals were caused by 
the YFP fusion proteins in both transgenic cell lines, I performed immunolabeling using 
anti-GFP antibodies to detect the YFP reporters in fixed transgenic BY-2 cells expressing either 
the GONSTl-YFP or the YFP-BP-80 fusions. As shown in Figure 3.1 (panels 3 and 4)，more 
than 90% signals detected by anti-GFP antibodies (red) colocalized with endogenous YFP 
fusion proteins (green) as indicated by the appearance of yellow color in the merged images 
(Panels 3 and 4, arrowheads and arrows, Table 3.1). Thus, anti-GFP detected the two YFP 
fusions in confocal immunofluorescence. 
‘S ince YFP signals detected from these two different cell lines exhibited similar punctate 
fluorescent patterns, we want to find out if they represent different organelles. As a first step 
to distinguish the two reporters in these two transgenic cell lines, we performed uptake study 
with FM4-64, an endocytic marker that can be taken up by living plant cells via endocytosis and 
reached a endosome / prevacuolar compartment on its path to vacuole (Ueda et aL, 2001; Emans 
et al., 2002). Ten minutes after the uptake incubation with FM4-64 in transgenic BY-2 cells 
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expressing the YFP-BP-80 reporter, more than 90% of the internal structures labeled by FM4-64 
(red) overlapped with the YFP reporters (green) (Fig. 3.1, panel 5, arrowheads, Table 3.1). In 
contrast, in cells expressing the Golgi marker GONSTl-YFP, the YFP reporters (green) were 
largely separated from the FM4-64-labled internal structures (red) under the same treatment (Fig. 
3.1, panel 6，arrow vs. arrowhead, Table 3.1). These results are consistent with our hypothesis 
that the two reporters mark distinct organelles and that the YFP-BP-80 reporter may mark PVC 
in transgenic tobacco BY-2 cells. 
Figure 3.1. Identification of PVCs in transgenic BY-2 cells. Confocal images collected 
from living cells expressing the Golgi marker GONSTl-YFP (panel 1) and the PVC marker 
YFP-BP-80 (panel'2) showing similar punctate patterns; Panels 3 and 4 showed colocalization 
between YFP signals derived from YFP reporters (green) and anti-GFP signals (red) in fixed 
cells, colocalization of two signals was indicated by yellow (arrowheads and arrows). In 
panels 5 and 6，FM4-64 uptake study was performed in living cells expressing the two reporters, 
10 minutes after the uptake treatment, the organelles marked by the endocytoed FM4-64 (red) 
colocalized with the YFP-BP-80 reporter (green) as indicated by the appearance of yellow color 
(panel 5，arrowheads) but FM4-64 did not colocalize with the GONSTl-YFP reporter (panel 6). 
Arrowheads indicated examples of colocalization (panels 3 - 5) or separation (panel 6) of two 
signals. DIC = Differential Interference Contrast images showing the morphology of the tested 
cells, n = nucleus. Bar = 50 p,m. 
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Figure 3.1. Identification of PVCs in transgenic BY-2 cells. 
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3.2 The YFP-BP-80 reporter localized with endogenous VSR 
proteins 
We previously used a recombinant mannosidase I (Manl) protein as antigen to raise 
antibodies and demonstrated that the anti-Man 1 antibodies colocalized largely with both the 
trans-Golgi marker JIM84 (Satiat-Jeunemaitre and Hawes, 1992) and the cis-Golgi marker 
Manl-GFP fusion (Nebenfuhr et al, 1999) in transgenic tobacco BY-2 cells (Li et al., 2002). 
Thus, anti-Man 1 antibody is a reliable marker for detecting Golgi stacks in BY-2 cells. In 
addition, anti-VSR antibodies are markers for defining PVC organelles in BY-2 cells since VSR 
proteins are predominantly concentrated on PVCs (Li et al, 2002). Furthermore, we have 
recently prepared a new anti-VSR antibody using truncated recombinant VSRam protein (lacks 
its TMD and CT) derived from Drosophila S2 cells (Cao et al, 2000; Li et al, 2002) as antigen 
to immunize rabbits and demonstrated that this new affinity-purified anti-VSR antibody 
cross-react specifically with endogenous VSR proteins of BY-2 cells based on results obtained 
from Western blot analysis and double-labeling confocal immunofluorescence (data not shown; 
see also (Sohn et al., 2003). 
To further demonstrate that the YFP-BP-80 reporter is distinct from the Golgi marker 
GONSTl-YFP, we performed immuno-labeling in fixed transgenic cells with either anti-VSR or 
anti-Manl antibodies to compare with the YFP fusion proteins (Fig. 3.2). When anti-VSR 
antibodies were used to label cells expressing the YFP-BP-80 reporter, more than 90% of the 
YFP signals corresponding to the reporter (green) colocalized with signals detected by anti-VSR 
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antibodies (red) (Fig. 3.2，panel 1 and Table 3.1), while the GONSTl-YFP reporters (green) 
were largely separated from VSR proteins (red) in cells expressing the GONSTl-YFP reporter 
(Fig. 3.2, panel 2，Table 3.1). In contrast, when anti-Man 1 antibodies were used to label 
reporter proteins in these two cell lines, the opposite results were obtained: more than 95% of 
the YFP-BP-80 reporter proteins (green) were separated from anti-Man 1 antibodies (red) in cells 
expressing the BP-80 reporter (Fig. 3.2, panel 3 and Table 3.1), while more than 90% of the 
GONSTl-YFP proteins (green) colocalized with anti-Man 1 antibodies (red) in cells expressing 
the GONSTl-YFP reporter (Fig. 3.2，panel 4 and Table 3.1). These results obtained from 
transgenic BY-2 cells expressing these two YFP reporters are consistent with previous results 
that the BP-80 reporter colocalized with endogenous VSR proteins in tobacco culture cells and 
that the GONSTl-YFP is a Golgi marker (Jiang and Rogers, 1998; Baldwin et ai, 2001). In 
addition, the results obtained so far support our hypothesis that the YFP-BP-80 reporter is a 
marker for PVC while the GONSTl-YFP reporter is a Golgi marker in these transgenic tobacco 
BY-2 cells. Thus, from now on, for the sake of simplicity, I will refer the YFP-BP-80 reporter 
and the GONSTl-YFP reporter as PVC marker and Golgi marker, respectively. 
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YFP-BP-80 Anti-VSR Merged DIC mam 
GONSTl-YFP Anti-VSR Merged DIC 
YFP-BP-80 Anti-ManI Merged DIC mam 
GONSTl-YFP Anti-ManI Merged DIC wmm 
Figure 3.2. Anti-VSR coiocalized with the YFP-BP-80 reporter but separated from the 
GONSTl-YFP reporter. Transgenic tobacco BY-2 cells expressing the two YFP reporters 
were fixed and incubated with either anti-VSR or anti-ManI antibodies to detect PVC and 
Golgi organelles respectively. The primary antibodies were detected with 
rhodamine-conjugated secondary antibodies (red) while the two YFP reporters (green) were 
ready for detection under confocal microscope using laser at 488nm. When green and red 
images were superimposed, colocalization of two signals is indicated by a yellow color. 
Arrowheads in panel 1 and 4 indicate examples of colocalization. Arrowheads and arrows in 
panel 2 and 3 indicate examples of separation. DIC = Differential Interference Contrast 
images showing the morphology of the tested cells, n = nucleus. Bars = 50 ^im. � 8 8 � 
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3.3 Brefeldin A enlarged PVC organelles 
Brefeldin A (BFA), a drug that has been widely used in studying protein traffic and Golgi 
organization in the secretory pathways of eukaryotic cells, was shown to be able to induce Golgi 
organelles to form so-called "BFA-compartments" with characteristics of enlarged and extended 
membrane network derived from ER and Golgi in both animal and plant cells (Driouich et ai, 
1993). The molecular mechanism behind BFA action has been demonstrated to be caused by 
its inhibition on the small GTPase proteins that are essential for vesicle formation (Klausner et 
al., 1992). However, animal cells have different sensitivity to BFA treatment from plant cells. 
For example, BFA at 2.8 |ig/ml was sufficient and specific to induce the formation of 
BFA-compartments and block protein traffic from ER to Golgi in animal cells (Klausner et a!,, 
1992), but a much higher concentration of BFA (i.e. at 10 jag/ml) was required to have similar 
effects in plant cells (Satiat-Jeunemaitre and Hawes, 1992; Driouich et al, 1993). In addition, 
a range of concentrations of BFA had been tested for their effects on inducing 
BFA-compartments formation in plant cells (Satiat-Jeunemaitre et ai, 1996). BFA at 
concentrations lower than 5 |ag/ml failed to induce the formation of BFA compartments in maple 
root cells, but BFA at 10 |ig/mi is optimal for this purpose even though higher concentration of 
I 
BFA resulted in the same effect (Satiat-Jeunemaitre and Hawes, 1992, Ritzenthaler et al., 2002). 
In addition to the morphological changes, BFA treatment also inhibited protein secretion 
probably via reducing protein traffic between trans Golgi cistemae and secretory vesicles in 
plant cells (Driouich et al., 1993). 
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To first test if BFA at 10 )ag/ml will induce the formation of BFA-compartments in 
transgenic cells expressing these two reporters, I incubated these two cell lines with BFA at 10 
|ag/ml for up to three hours (Figure 3.3). During that period of time of BFA incubation, cells 
were collected at indicated times for YFP image collection. In cells expressing the Golgi 
marker, BFA-compartments were first detected 15 minutes after BFA treatment (Fig. 3.3A), and 
these enlarged compartments reached similar sizes from 30 minutes and remained consistent 
thereafter up to three hours after BFA treatment (Fig. 3.3A, arrows). These results are 
consistent with previous published data on Golgi-derived BFA-compartments in plant cells and 
again support our hypothesis that the GONSTl-YFP is a Golgi marker in transgenic BY-2 cells. 
In contrast, when the same concentration of BFA was used to incubate BY-2 cells expressing the 
PVC marker under the same conditions, no enlarged BFA-compartment was detected 
throughout the three-hour treatment period (Fig. 3.3B). 
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Figure 3.3A. Brefeldin A at 10 ^g/ml induced YFP-marked Golgi but not YFP-marked 
PVCs to form BFA-compartments. Transgenic BY-2 cells expressing either the 
GONSTl-YFP reporter (A) or the YFP-BP-80 reporter (B) were incubated with BFA at 10 
Hg/ml for up to three hours. Treated cells were then collected at indicated times for YFP 
images collections with confocal microscope. Arrows indicate examples of 
BFA-compartments from cells expressing the Golgi marker. DIC = Differential Interference 
Contrast images showing the morphology of the tested cells, n = nucleus. Bar = 50 [im. 
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Figure 3.3B. Brefeldin A at 10 ng/ml induced YFP-marked Golgi but not YFP-marked 
PVCs to form BFA-compartments. Transgenic BY-2 cells expressing either the 
GONSTl-YFP reporter (A) or the YFP-BP-80 reporter (B) were incubated with BFA at 10 
Hg/ml for up to three hours. Treated cells were then collected at indicated times for YFP 
images collections with confocal microscope. Arrows indicate examples of 
BFA-compartments from cells expressing the Golgi marker. DIC = Differential Interference 
Contrast images showing the morphology of the tested cells, n = nucleus. Bar = 50 \im, 
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To further test whether the YFP-marked Golgi and PVC organelles in transgenic BY-2 cells 
have different sensitivity to BFA treatment and form BFA-induced compartments at a 
dose-dependent manner, I incubated the two transgenic cell lines with various concentrations of 
BFA for three hours before the treated cells were used for YFP image collection with confocal 
microscope. As shown in Figure 3.4A, when transgenic cells expressing the Golgi marker 
were incubated with a range of BFA concentrations (from 0 to 200 )j,g/ml) for three hours, all 
BFA-treated cells formed similar aggregated Golgi-derived BFA-compartments, a result 
consistent with the identity of Golgi organelles. In contrast, in cells expressing the PVC 
marker, the sizes for the YFP-marked PVC organelles remained unchanged when the cells were 
treated with BFA at concentrations lower than 10 |j,g/ml (Fig. 3.4B). However, to our surprise, 
when BFA at 50 |Lig/ml were used to treat the cells for three hours, similar enlarged 
BFA-compartments but derived directly from YFP-BP-80 marked PVC organelles were 
observed, and such PVC-derived BFA-compartments were also detected in cells treated with 
BFA at a concentration of 100 or 200 |j,g/ml (Fig. 3.4B). Thus, BFA can induce PVCs to form 
enlarged compartments in a dose-dependent manner. This is the first demonstration that PVC 
organelles may aggregate together to form BFA-compartments in response to high concentration 
of BFA treatment even though its biological significance and molecular mechanism remain to be 
illustrated. 
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BFA 50 ^g/ml BFA 100 |Lig/ml BFA 200 |iig/ml �HBB 
Figure 3.4A. Brefeldin A induced YFP-marked PVCs to from BFA-compartments in a 
dose-dependent manner. Transgenic BY-2 cells expressing the GONSTl-YFP reporter (A) 
and the YFP-BP-80 reporter (B) were incubated with BFA at indicated concentrations for 
three hours before cells were used for YFP image collection with confocal microscope. 
Arrows indicated examples of enlarged BFA-compartments derived from either the 
YFP-marked Golgi (A) or the YFP-marked PVCs (B). DIC = Differential Interference 
Contrast images showing the morphology of the tested cells, n = nucleus. Bar = 50 ^m. 
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BFA 50 |ig/ml BFA 100 [ig/ml BFA 200 |ig/ml 
Figure 3.4B. Brefeldin A induced YFP-marked PVCs to from BFA-compartments in a 
dose-dependent manner. Transgenic BY-2 cells expressing the GONSTl-YFP reporter (A) 
and the YFP-BP-80 reporter (B) were incubated with BFA at indicated concentrations for 
three hours before cells were used for YFP image collection with confocal microscope. 
Arrows indicated examples of enlarged BFA-compartments derived from either the 
YFP-marked Golgi (A) or the YFP-marked PVCs (B). DIC = Differential Interference 
Contrast images showing the morphology of the tested cells, n = nucleus. Bar = 50 |iim. 
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To further study the different response of Golgi and PVC organelles to high concentrations 
of BFA, we performed a time course experiment to test the effect and action of BFA on the 
formation of BFA-induced compartments derived from either the YFP-marked Golgi or PVCs in 
living transgenic BY-2 cells. Cells expressing the two reporters were thus incubated with BFA 
at 50 fj,g/ml (a concentration that was shown to induce the formation of BFA-compartments 
from both Golgi and PVC organelles, see Fig. 3.4B) for up to 3 hours and the treated cells were 
collected at indicated times for YFP image collection (Fig. 3.5A, B). As shown in Figure 3.5A, 
enlarged BFA-compartments derived from Golgi organelles were detected as early as 15 
minutes after the BFA treatment in cells expressing the Golgi marker (Fig. 3.5A), and similar 
YFP-labeled structures were detected in these cells up to 3 hours after the BFA treatment (Fig. 
3.5A). However, in cells expressing the PVC marker, the enlarged BFA-induced 
compartments derived from the YFP-marked PVC organelles could not be detected until 45 
minutes after the drug treatment (Fig. 3.5B), and such enlarged structures remained similar for 
up to 3 hours after treatment (Fig. 3.5B). Thus, when comparing to Golgi-derived 
BFA-compartments, at least a 30 minutes delay was observed for PVC to be induced to form 
BFA-compartments. 
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Figure 3.5A. Time-course induced formation of BFA-compartments derived from either 
the YFP-marked Golgi (A) or the YFP-marked PVCs (B). These two transgenic BY-2 
cells lines were incubated with BFA at 50 |xg/ml, samples were then collected at indicated 
times up to three hours after treatment and used for YFP image collection with confocal 
microscope. Arrows indicated examples of enlarged BFA-compartments derived from either 
the YFP-marked Golgi (A) or the YFP-marked PVCs (B). DIC = Differential Interference 
Contrast images showing the morphology of the tested cells, n = nucleus. Bar =50 [im. 
~97~ 
Chapter 3 Results 
B 0 mm 15 min 30 min 45 min m m n 
I h 1 h 30 min 2 h 3 h 
• H B 
mim. 
Figure 3.5B. Time-course induced formation of BFA-compartments derived from either 
the YFP-marked Golgi (A) or the YFP-marked PVCs (B). These two transgenic BY-2 
cells lines were incubated with BFA at 50 ^ig/ml, samples were then collected at indicated 
times up to three hours after treatment and used for YFP image collection with confocal 
microscope. Arrows indicated examples of enlarged BFA-compartments derived from either 
the YFP-marked Golgi (A) or the YFP-marked PVCs (B). DIC = Differential Interference 
Contrast images showing the morphology of the tested cells, n = nucleus. Bar = 50 ^m. 
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3.4 Identity of PVC-derived BFA-induced compartments 
The above results demonstrated that high concentrations of BFA treatment may induce 
aggregation of both Golgi apparatus and PVC organelles in transgenic cells expressing the two 
YFP reporters, such formation of aggregated BFA-compartments in cells treated with high 
concentrations of BFA may be caused by the fusion between Golgi and PVC organelles. To 
test such possibility, we performed confocal immunofluorescence using anti-VSR antibodies, a 
marker for defining PVCs in BY-2 cells (Li et al., 2002), in comparison with the YFP-marked 
Golgi and YFP-marked PVC after BFA treatments. Transgenic cells expressing these two 
reporters were thus treated with BFA at 50 jag/ml for three hours before the treated were fixed 
and used for immunolabeling with anti-VSR antibodies. The primary anti-VSR antibodies 
were thereafter detected by Rhodamine-conjugated secondary antibodies. As shown in Figure 
3.6, after BFA treatment in these two transgenic cell lines, both YFP-marked or VSR-marked 
PVCs and YFP-marked Golgi organelles formed aggregated BFA-compartments. In addition, 
in cells expressing the PVC marker, more than 95% of the enlarged compartments marked by 
the YFP-BP-80 reporters (green) overlapped completely with structures detected by anti-VSR 
antibodies (red) as indicated by the appearance of yellow color in the merged image (Fig. 3.6， 
panel 1, arrowheads, Table 3.1)，indicating that the BFA-compartments were derived directly 
from the YFP-marked PVCs and that the enlarged PVCs remained intact after the BFA treatment. 
Furthermore, when cells expressing the Golgi marker GONSTl-YFP were treated with BFA, the 
Golgi-derived BFA-compartments (Fig. 3.6, panel 2 & 3，green) did not overlap with the 
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BFA-induced aggregated PVCs organelles as detected by anti-VSR antibodies (Fig. 3.6, panels 
2 & 3，red), rather, most of these two enlarged compartment populations were distinct from each 
other but were closely associated and formed adjacent (Fig. 3.6, panel 2 & 3，merged). These 
results demonstrated that, after the BFA treatment, the aggregated Golgi- and PVC-derived 
BFA-compartments remained distinct but were positioned in close proximity to each other. We 
cannot exclude the possibility that in some places the membranes of the two types of structure 
were fused, however, the biological significance of this observation remains to be studied. 
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Figure 3.6. BFA-compartments derived from the YFP-marked Golgi and the 
YFP-marked PVC organelles are separated from but closely connected to each other. 
Transgenic BY-2 cells expressing these two YFP reporters were treated with BFA at 50 ng/ml 
. f o r three hours prior to fixation. The fixed cells were then labeled with anti-VSR antibodies 
and detected with rhodamine-conjugated secondary antibodies (red), while the YFP fusion 
proteins (green) were ready for detection under confocal microscope using laser at 488nm. 
Anti-VSR antibodies were used here to detect endogenous VSR-marked PVCs. Arrowheads 
in panel 1 indicated examples of colocalization between YFP-marked PVCs and VSR-marked 
organelles. Arrowheads and arrows in panels 2 and 3 indicated examples of separation but 
closely connected BFA-compartments derived from Golgi (green) and PVC (red). DIC = 
Differential Interference Contrast images showing the morphology of the tested cells, n = 
nucleus. Bars = 50 pm. 
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3.5 Wortmannin induced PVCs to form small vacuoles 
Traffic of two vacuolar soluble proteins, barley lectin with a C-terminal vacuolar targeting 
determinant and sweet potato sporamin with a N-terminal vacuolar targeting determinant, in 
transgenic tobacco BY-2 cells had different response to the drug Wortmannin treatment 
(Matsuoka et al., 1995). When transgenic BY-2 cells expressing either lectin or sporamin were 
treated with Wortmannin at 33 jaM, a concentration did not affect net protein synthesis of BY-2 
cells, the vacuolar traffic of the barley lectin was selectively redirected to the cell surface but 
this drug did not affect the normal vacuolar traffic of sweet potato sporamin (Matsuoka et al, 
1995). Similarly, the vacuolar transport of the chitinase-GFP fusion was blocked by the 
Wortmannin treatment in tobacco mesophyll protoplast (Di Sansebastiano et al, 1998). 
However, the action site for this drug in plant cells remained to be determined. 
Since PVCs are membrane-bound organelles that mediate protein traffic between Golgi and 
-vacuoles / lysosomes in eukayotic cells, it is thus possible that PVCs may be affected by 
Wortmannin that resulted in blocking the traffic of certain proteins from Golgi to vacuoles. To 
test such hypothesis, we take advantage of the availability of the two transgenic BY-2 cell lines 
expressing Golgi and PVC marker. I first want to find out if Wortmannin will change the 
morphology of YFP-marked Golgi and PVCs in living cells after its treatments. To address 
this question, I treated these two transgenic BY-2 cell lines with various concentrations (from 0 
to 99 i^M) of Wortmannin for 3 hours before the treated cells were used for YFP image 
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collection with confocal microscope. As shown in Figure 3.7A, in cells expressing the Golgi 
marker GONSTl-YFP, the sizes and shapes of the YFP-marked Golgi organelles remained 
unchanged throughout the Wortmannin treatments at various concentrations. On the other 
hand, in cells expressing the PVC marker, the sizes of YFP-marked PVCs remained unchanged 
in cells treated with Wortmannin at concentrations less than 8.25 [iM. However, when the cells 
were treated with Wortmannin at concentrations of 16.5 and 33 |iM for 3 hours, the sizes of 
YFP-marked PVCs increased and these enlarged PVCs appeared as small vacuoles (Fig. 3.7B, 
arrows and inserted enlarged images), a phenomenon that was termed vacuolization for 
endosomes in animal cells (Reaves et al., 1996). Furthermore, when cells were treated with 
Wortmannin at a higher concentration (66 and 99 jiM) for 3 hours, no enlarged YFP-marked 
PVCs were detected and most YFP-marked PVCs disappeared in treated cells (Fig. 3.7B), a 
result that is different from its effect on the Golgi organelles (see Fig. 3.7A). These results 
indicated that Golgi and PVC organelles have different sensitivity to the drug Wortmannin. 
To find out if these Wortmannin-induced vacuoles derived directly from YFP-marked 
BP-80 reporter and still contained VSR proteins in transgenic BY-2 cells, transgenic cells 
expressing the PVC marker were incubated with Wortmannin at 33 fxM for three hours before 
the treated cells were fixed and used for immunolabeling with anti-VSR antibodies. Since 
YFP-BP-80 reporters cannot be detected in Wortmannin-treated cells, anti-GFP antibody was 
therefore used to detect the YFP reporter after Wortmannin treatment. As shown in Figure 
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3.7C, consistent with previous results (Fig. 3.7B), anti-VSR labeled small vacuoles on their 
peripheral region (tonoplast) in these treated cells (red, arrows); in addition, such pattern was 
different from that of the punctate patterns in untreated BY-2 cells. Furthermore, these 
VSR-detected small vacuoles overlapped completely (yellow, Fig. 3.7C, merged) with the 
enlarged YFP-marked PVCs (green). Thus, the small vacuoles that derived from PVCs after 
Wortmannin remained intact because they contain VSR proteins on their tonoplasts. 
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Figure 3.7A. Wortmannin induced the YFP-marked PVCs to form small vacuoles in a 
dose-dependent manner. Transgenic cells expressing the Golgi (A) and PVC (B) reporters 
were incubated with Wortmannin at various concentrations as indicated for three hours before 
the treated cells were used for YFP image collection. Arrows in panel B and C indicated 
examples of small vacuoles derived directly from the YFP-marked PVCs (or labeled by 
anti-VSR antibody), the inserted vacuole images in panel B and C are enlarged images of the 
two structures indicated by the arrows. DIC = Differential Interference Contrast images 
showing the morphology of the tested cells, n = nucleus. Bar = 50 |xm. 
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Figure 3.7B. Wortmannin induced the YFP-marked PVCs to form small vacuoles in a 
dose-dependent manner. Transgenic cells expressing the Golgi (A) and PVC (B) reporters 
were incubated with Wortmannin at various concentrations as indicated for three hours before 
the treated cells were used for YFP image collection. Arrows in panel B and C indicated 
examples of small vacuoles derived directly from the YFP-marked PVCs (or labeled by 
anti-VSR antibody), the inserted vacuole images in panel B and C are enlarged images of the 
two structures indicated by the arrows. DIC = Differential Interference Contrast images 
showing the morphology of the tested cells, n = nucleus. Bar = 50 ^im. 
~106~ 
Chapter 3 Results 
C Anti-GFP Anti-VSR Merged DIC 
WKKMIM 
Figure 3.7C. Wortmannin-induced vacuoles contained VSR proteins. Transgenic cells 
expressing the PVC reporters were incubated with Wortmannin at 33 pM for three hours before 
the treated cells were fixed and labeled with anti-VSR antibodies. Arrows indicated examples 
of small vacuoles derived directly from the YFP-marked PVCs (green) colocalized with 
VSR-marked vacuoles (red). The inserted vacuole images were enlarged images of the two 
structures indicated by the arrows. DIC = Differential Interference Contrast images showing 
the morphology of the tested cells, n = nucleus. Bar = 20 ^m. 
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To further study the nature of response of PVC organelles to Wortmannin, I next performed 
a time-course experiment using the same two transgenic cell lines treated with Wortmannin at 
33 |liM, a concentration had be demonstrated not to affect overall protein synthesis but affect 
protein traffic in BY-2 cells (Matsuoka et aL, 1995). Cells expressing the Golgi marker were 
used as a control. These two cell lines were first incubated with Wortmannin, cells were then 
collected at indicated times and used for YFP image collection. As shown in Figure 3.8A, in 
the cells expressing the Golgi marker, the YFP-marked Golgi organelles remained unchanged up 
to three hours after the Wortmannin treatment, a result consistent with those described in Fig. 
3.7A. In contrast, in cells expressing the PVC marker, enlarged YFP-marked PVCs were 
detected 30 minutes after the Wortmannin treatment, and there was a slight increase in size for 
YFP-marked PVCs after 45 minutes and the enlarged PVCs remained relatively unchanged 
thereafter up to three hours (Fig. 3.8B). Furthermore, PVC-derived small vacuoles were also 
detected upon Wortmannin treatment (Fig. 3.8B, arrowheads). 
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Figure 3.8A. Time-course Wortmannin-induced formation of small vacuoles derived 
from the YFP-marked PVCs. Transgenic BY-2 cell lines expressing the Golgi (A) and PVC 
(B) reporters were incubated with Wortmannin at 16.5 i^M for time-course study. At the end 
of the indicated times, treated cells were used for YFP image collection. Arrowheads in panel 
B indicated examples of Wortmannin-induced vacuole formation. Inserted images are 
examples of vacuolated YFP-marked PVCs. DIC = Differential Interference Contrast images 
showing the morphology of the tested cells, n = nucleus. Bar = 50 [im. 
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Figure 3.8B. Time-course Wortmannin-induced formation of small vacuoles derived 
from the YFP-marked PVCs. Transgenic BY-2 cell lines expressing the Golgi (A) and PVC 
(B) reporters were incubated with Wortmannin at 16.5 i^M for time-course study. At the end 
of the indicated times, treated cells were used for YFP image collection. Arrowheads in panel 
B indicated examples of Wortmannin-induced vacuole formation. Inserted images are 
examples of vacuolated YFP-marked PVCs. DIC = Differential Interference Contrast images 
showing the morphology of the tested cells, n = nucleus. Bar = 50 |am. 
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Table 3.1. Quantitation of antibodies colocalization in confocal immunofluorescence 
images.  � Percent colocalization „ Antibodies compared (mean士SD)  
YFP reporters vs. anti-GFP in transgenic BY-2 cells (Fig. 3.1, panel 3 and 4) 
GONSTl-YFP: anti-GFP 93±6 23 
YFP-BP-80: anti-GFP 96±3 18 
YFP reporters vs. FM4-64 labeled PVCs (Fig. 3.1, panel 5 and 6) 
GONSTl-YFP: FM4-64 11±4 25 
YFP-BP-80: FM4-64 95±4 • 19 
YFP reporters vs. anti-VSR in transgenic BY-2 cells (Fig. 3.2, panel 1 and 2) 
YFP-BP-80: anti-VSR 97±3 9 
GONST1 -YFP: anti-VSR 8±2 15 
YFP reporters vs. anti-Manl in transgenic BY-2 cells (Fig. 3.2, panel 3 and 4) 
YFP-BP-80: anti-Manl 4土3 10 
GONST 1 -YFP: anti-Manl 91 ±4 14 
YFP reporters vs. anti-VSR in transgenic BY-2 cells treated with BFA (50 |ig/ml) for 3 hours 
(Fig. 3.6，panel 1-3) 
YFP-BP-80: anti-VSR 96±3 7 
”GONSTl-YFP: anti-VSR 6±2 13 
YFP reporters vs. anti-VSR in transgenic BY-2 cells treated with Wortmannin (33 |iM) for 2 
hours (Fig. 3.7C) 
YFP-BP-80: anti-VSR 85±5 10 
YFP reporters in transgenic BY-2 cells were studied by confocal immunofluorescence 
localization. Antibody marker for YFP: anti-GFP. Antibody marker for Golgi: anti-Manl. 
Antibody marker for VSR protein and PVC: anti-VSR. FM4-64 is a fluorescent dye that labels 
prevacuolarment after endocytosis. Quantitation of the extent of colocalization for the two 
antibodies (or proteins) was performed from one direction only (i.e. it ask how much of the 
YFP-BP-80 reporter proteins colocalized with anti-VSR, not the other way around) as previous 
described (Jiang and Rogers, 1998). Percent colocalization is expressed as the mean 土SD 
(standard derivation) for the {n) number of cells analyzed. Also, a t test was performed to 
compare results from the individual paired assays of the two reporters expressing in BY-2 cells. 
The resulting P values for the comparison were statistically significant (P<0.01). 
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3.6 PVCs are mobile organelles in living cells 
The results I have described here so far indicate that Golgi and PVCs are distinct organelles 
in transgenic BY-2 cells and that these two organelles have different sensitivity in response to 
drug treatments. Previous studies using transgenic BY-2 cells expressing a Golgi marker 
GFP-Manl fusion demonstrated that Golgi organelles followed a stop-and-go movement 
probably along the microtuber or cytoskeleton in transgenic BY-2 living cells (Nebenfuhr et al., 
1999). • 
To determine if the GONST 1-YFP-marked Golgi organelles and the YFP-BP-80-marked 
PVCs are mobile in transgenic living cells, we performed time-course YFP image collections for 
either the Golgi reporter or the PVC reporter in living cells. Most YFP-marked Golgi 
organelles display constant movement during a period of 90 seconds (Fig.3.9B), and some 
YFP-marked Golgi organelles could move as far as half cell within several seconds (Fig. 3.9A, 
„ arrows). To our surprise, similar to YFP-marked Golgi organelles, many YFP-marked PVCs 
also display constant movement in living cells and some of these PVCs could move across half 
of a single cell in less than 15 second (Fig. 3.9A). In general, YFP-marked PVCs display three 
kinds of motion during the detected period: a few remained steady still (arrows), some moved 
across the cell (arrowheads), and a few moved from top to bottom of the cell (open arrowheads). 
These results indicated that PVCs are dynamic and mobile organelles. 
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Figure 3.9. The YFP-BP-80-marked PVCs and CONST 1-YFP-marked Golgi are mobUe 
organelles in living cells. Living transgenic BY-2 cells expressing either YFP-marked PVCs 
or YFP-marked Golgi were subjected to time-course collections for YFP images with confocal 
microscope at an interval of 1.2 seconds for up to 90 seconds. Shown are representative 
examples of YFP images collected at the same optical section of the same cell at indicated times 
up to 16.8 seconds. In general (Panel A)’ YFP-marked PVCs display three kinds of motion 
during the detected period: a few remained steady still (arrows), some moved across the cell 
(arrowheads), and a few moved from top to bottom of the cell (open arrowheads). Similarly, in 
panel B YFP-marked Golgi display two kinds of motion during the detected period: some moved 
across the cell (arrowheads), and a few moved from top to bottom of the cell (open arrowheads). 
Bars = 50 |Lim. 
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4. Discussion 
Plant prevacuolar compartments (PVCs) are important organelles in mediating protein 
trafficking in the plant secretory pathway. Studies on the subcellular localization of VSR 
proteins and syntaxin have advanced our understanding on the identity and possible functions of 
plant PVCs. However, as discussed in the general introduction, the identity of PVCs identified 
so far are different among various plant systems, and that the dynamic of plant PVCs still 
remain to be illustrated. 
As a first step to characterize plant PVC morphologically and functionally, I have 
generated transgenic tobacco BY-2 cell lines expressing YFP reporters that putative mark the 
Golgi apparatus and PVCs, respectively (see chapter 2). In addition, both transgenic cell lines 
exhibit typical punctate YFP patterns. To further characterize these cell lines and thus the 
PVCs, I have carried out detailed studies on these two cell lines in this chapter. First, 
immunolabeling using anti-GFP antibodies was used to confirm that the YFP punctate 
fluorescent signals were caused by the YFP fusion markers in both transgenic cell lines, because 
more than 90% signals detected by anti-GFP antibodies colocalized with endogenous YFP 
fusion proteins. 
According to the previous studies, YFP-BP-80 and GONSTl-YFP should label two distinct 
organelles in the plant secretory pathway. To test this hypothesis, I have performed uptake 
studies using FM4-64, an endocytic marker that can be taken up by living plant cells via 
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endocytosis and reached / labeled an endosome / prevacuolar compartment on its path to 
vacuole (Ueda et al, 2001; Emans et al, 2002). Since FM4-64 can be detected by fluorescent 
/ confocal laser scan microscope using rhodamine filter set, we can thus easily trace its path 
from plasma membrane to vacuoles in living cells. When FM4-64 was incubated with both 
transgenic cell lines for 10 to 30 minutes, the YFP-BP-80-marked organelles coiocalized mostly 
with the FM4-64-marked PVCs, while the GONSTl-YFP-marked organelles were largely 
separated from FM4-64-marked PVCs. Thus, YFP-BP-80 and GONSTl-YFP marked two 
distinct organelles in transgenic BY-2 cells. In addition, as FM4-64 labels the endosome / 
PVCs on its path to vacuole (Ueda et al, 2001; Emans et al, 2002), the YFP-BP-80 reporter 
may mark a PVC in transgenic BY-2 cells. However, the identity of organelles marked by 
these two reporters need to be further confirmed by immunofluorescence. 
Fixed cells were labeled with anti-VSR and anti-ManI antibodies, markers for lytic PVCs 
and Golgi organelles respectively (Li et al, 2002). When anti-VSR antibodies were used, 
colocalization with the YFP-BP-80 reporter but not with the GONSTl-YFP reporter was 
observed. In contrast, opposite results were obtained when anti-ManI antibodies were used. 
These results not only further demonstrated that both reporter proteins mark two distinct 
organelles, but also support the hypothesis that the YFP-BP-80 reporter is a marker for PVC 
while the GONSTl-YFP reporter is a Golgi marker in these transgenic tobacco BY-2 cells. 
Thus, transgenic cell lines expressing Golgi and PVC markers have been successfully generated. 
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Certain pharmaceutical drugs have been successfully used to study the mechanism of 
protein trafficking and transport in mammalian, yeast and plant cells. For example, both 
Brefeldin A (BFA) and Wortmannin have been used to study the organization of protein traffic 
in the secretory pathway, as well as the functional role of Golgi apparatus in both animal and 
plant cells. However, different cell types may have different sensitivities to the treatments 
using these two drugs. Since I have already established transgenic cell lines expressing Golgi 
and PVC markers, I therefore test the responses of reporter-marked Golgi and PVCs to 
treatments with BFA and Wortmannin in these cells. 
BFA is a dihydroxy, a-(3 unsaturated lactone first isolated from a strain of Penicillum 
decumbens (Singleton et al., 1958). It has been widely used in studying protein trafficking and 
Golgi organization in the secretory pathways of eukaryotic cells as its effect appears to be both 
specific and reversible. In both animal and plant cells, BFA induced Golgi organelles to form 
so-called "BFA-compartments" with characteristics of enlarged and extended membrane 
network derived from ER and Golgi (Driouich et al, 1993). The molecular mechanism behind 
BFA action is caused by its inhibition on the small GTPase proteins that are essential for vesicle 
fusion (Klausner et al., 1992). In my studies using these two transgenic cell lines, the 
enlargement of Golgi and formation of so-called "BFA-compartments" after treating with BFA 
were also observed in the GONSTl-YFP cell lines incubated with 10 fig/ml BFA for 15 minutes 
to 3 hours. In contrast, enlargement of YFP-marked PVCs was not observed up to 
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3 hours in 10 |ig/ml BFA treatment. Under the BFA treatment at low concentration, the 
behaviors of YFP-marked organelles are different. These results again demonstrate that 
GONSTl-YFP is a Golgi marker in transgenic BY-2 cells because its behavior under BFA 
treatment is consistent with previous published data on Golgi-derived BFA-compartments in 
plant cells. 
i 
To further investigate the dose-dependent manner and time-course effect of both 
YFP-marked organelles in response to BFA treatments, both YFP-marked Golgi and PVCs were 
incubated with different concentrations of BFA and incubation times. Both transgenic cell 
lines showed different behaviors under these treatments. For YFP-marked Golgi, it forms 
Golgi-derived BFA compartments with a broader range of BFA concentrations and shorter 
response time than those for the YFP-marked PVCs. In contrast, YFP-marked PVCs form 
PVC-derived BFA compartments at a high BFA concentration and long incubation time. In 
.addition, Golgi- and PVCs-derived BFA compartments remained distinct but tended to stick 
together after high concentrations of BFA treatment. These results were the first description on 
PVC dynamics in response to BFA treatment in transgenic living cells and imply that PVCs may 
participate in affecting protein traffic upon BFA treatment. Since these drugs have been 
demonstrated to affect protein trafficking in the plant secretory pathway, the morphological and 
physical changes of PVCs (e.g. enlargement and vacuolization) upon the drug treatment may 
play a role in affecting protein trafficking. The possibility that these drugs may also act 
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directly on PVCs and the possible involvement of PVCs need to be investigated in the future. 
Wortmannin was also used in this study to test its effect on Golgi and PVCs. 
Wortmannin is an inhibitor of phosphatidylinositol (PI) 3-kinases that has been used to study 
signal transduction, protein trafficking and transport in mammalian and yeast cells. Recent 
studies suggested that Wortmannin slows down the return of mannose-6-phosphate (M6P) 
receptors from the endosome to TGN (Kundra and Komfeld, 1998). In addition, Wortmannin 
also caused vacuolization of endosomes in animal cells (Reaves et ai, 1996). However, 
studies on the effect of Wortmannin in plant cells are much less than those in mammalian and 
yeast cells. Wortmannin had different effect on traffic of proteins with C-terminal propeptide 
(CTPP) and N-terminal propeptide (NTPP). The normal vacuolar traffic of sweet potato 
sporamin with NTPP was not affected by the Wortmannin but barley lectin with CTPP was 
selectively redirected to the cell surface (Matsuoka et al, 1995). Similarly, the vacuolar 
transport of the chitinase-GFP fusion was blocked by the Wortmannin treatment in tobacco 
mesophyll protoplast (Di Sansebastiano et al, 1998). The mechanism of Wortmannin effect on 
vacuolar targeting is unclear, but it is possible that PVCs may be the target site for Wortmannin. 
As a result, it is worth investigating the effect of Wortmannin on the PVCs in these transgenic 
BY-2 cell lines. 
The dosage and time courses effect of Wortmannin on the YFP-marked Golgi and PVCs 
were thus tested. Little changes were observed on the YFP-marked Golgi in response to 
Chapter 3 Discussion 
Wortmannin treatments, while the YFP-marked PVCs formed small vacuoles in response to a 
broad range of Wortmannin concentrations (16.5 to 99 \M) in a time-dependent manner. 16.5 
|xM Wortmannin and 45 minutes incubation time were the minimum amount and incubation 
time for Wortmannin to cause vacuolization of YFP-marked PVCs. This vacuolated 
YFP-marked PVCs were small vacuoles containing fluorescent signal on their tonoplasts but not 
in the lumen. This result demonstrated that the YFP-BP-80 reporter protein present on the 
tonoplast of the Wortmannin-induced vacuoles. Additionally, since the vacuolated 
YFP-marked PVCs colocalized with anti-VSR antibodies, intact VSR proteins and YFP-marked 
PVCs were thus present on the same Wortmannin-induced vacuoles. At high concentrations of 
Wortmannin (i.e. 66 and 99 \xM), however, resulted in the absence of both small YFP-marked 
vacuoles and YFP-marked PVCs in treated cells. The mechanism behind such observation 
needed to be further investigated, but it may be due to the toxic effect of Wortmannin on either 
the cells or the YFP fluorescent ability because higher concentrations (e.g. 200 and 300 ^iM) 
would kill the cells in a short period of time (data not shown). 
The results I have discussed here so far indicate that YFP-marked Golgi and PVCs are 
distinct organelles in transgenic BY-2 cells and that these two organelles have different 
sensitivities in response to BFA and Wortmannin treatments. Previous studies using transgenic 
BY-2 cells expressing a Golgi marker GFP-Manl fusion demonstrated that Golgi organelles 
followed a stop-and-go movement probably along the microtuber in transgenic BY-2 living cells 
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(Nebenfuhr et al., 1999). The possibility that PVCs are dynamic mobile organelles was also 
tested using cells expressing the YFP-marked PVCs. To our surprise, most YFP-marked PVCs 
showed two different patterns of movements in living cells: moved across the cell and moved 
from top to bottom of the cell. However, when compared with the movement of YFP-marked 
Golgi in cells expressing GONSTl-YFP, lower amount and frequency of mobile YFP-marked 
PVCs were observed and traveled at a slower speed than those of YFP-marked Golgi organelles. 
Thus, for the first time, plant PVCs were demonstrated to be mobile in living cells. The 
constant movement of plant PVCs may play a role in mediating protein traffic from Golgi as 
well as to vacuoles. Further studies are needed to figure out such mechanism. 
Emans and colleagues (Emans et al., 2002) demonstrated that endocytosis in tobacco BY-2 
cells was sensitive to both BFA and Wortmannin. When our results are compared to those 
obtained by Emans et al., there are both similarities and differences. First, both fluorescent dyes 
(FMl-43, used by Emans and FM4-64, used in this study) gave similar uptake process in living 
BY-2 cells. Upon incubation of BY-2 cells with dyes, these dyes stain the plasma membrane 
first and then pass to the internal cytoplasmic vesicles 30 minutes after incubation and finally 
stain the vacuolar membrane (tonoplast). Therefore, FM4-64 should be a suitable dye for us to 
distinguish from either Golgi or PVC organelles marked by YFP-reporters in both transgenic 
cell lines. Second, the enlargement of YFP-marked PVC after BFA treatment from our study is 
consistent with Emans's observation where the prevacuolar endosomal vesicles also 
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accumulated and appeared to enlarge after incubating with 100 |ig/ml of BFA for 30 minutes. 
Third, the movement of YFP-marked prevacuolar compartments within living plant cells in our 
study was also observed by Emans for the dye-marked endosomal vesicles. However, vesicle 
movement through a transvacuolar strand demonstrated by Emans was not observed in our 
transgenic BY-2 cell lines expressing the YFP-marked PVCs. This maybe due to the usage of 
the fluorescent dye in his research. Furthermore, since YFP-marked PVCs colocalized with 
FM4-64-marked PVCs when uptake study was carried out in transgenic BY-2 cell lines 
expressing the YFP-BP-80 reporter, and because the FM4-64-marked PVC is involved in 
endocytosis while the YFP-BP-80-marked PVC is involved in protein trafficking from Golgi to 
lytic vacuole, we have thus first demonstrated that the same PVC may involve in both 
endocytosis and protein trafficking in the secretory pathway. In addition, we have generated 
the first transgenic tobacco BY-2 cell lines expressing a PVC marker. Such cell lines will 
provide useful tools for further studies on mechanisms and roles of PVCs in mediating protein 
traffic in the secetory pathway, as well as in the process of endocytosis, a process with very little 
information so far in the plant cells. Lastly, our cell liens shall provide tools for studying the 
functional aspects of plant PVCs, which open up a new area of research in plant cell biology. 
In conclusion, I have generated two transgenic BY-2 cell lines expressing two different 
YFP markers and confirmed that the YFP-BP-80 reporter and GONSTl-YFP reporter mark 
PVCs and Golgi organelles respectively in these two cell lines. I also first demonstrated that 
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plant PVCs formed aggregates or small vacuoles in response to BFA and Wortmannin 
treatments. Using these cell lines as tools, I further demonstrate that plant PVCs are dynamic 
compartments because they display constant movements in living cells. These transgenic cell 
lines and the described results shall provide very good tools and basic information for further 
characterization of plant PVCs at molecular and proteomic levels. 
Chapter 4 
Summary and Future Perspectives 
~123~ 
Chapter 4 Summary and Future Perspectives 
1. Summary 
Prevacuolar compartments (PVCs) play a major role in mediating protein trafficking 
between trans-Golgi network (TGN) and vacuoles in the plant secretory pathway. Since plant 
cells contain two functionally and biochemically distinct vacuoles as well as multiple vesicular 
pathways in the secretory pathway, identification and functional characterization of plant PVCs 
have been challenging. Therefore, as a first step to characterize plant PVCs, it is important and 
valuable to generate markers to identify and define plant PVCs. 
The hypothesis 
Studies on pea root-tip ad cotyledon cells (Paris et al., 1997) and Arabidopsis root tip 
cells (Sanderfoot et al, 1998) demonstrated that vacuolar sorting receptor (VSR) proteins (i.e. 
BP-80 / AtELP) localized in both the PVCs and the Golgi apparatus. However, results from 
recent study on the natural distribution of BP-80 and its homologs demonstrated that VSR 
“proteins were concentrated on the lytic PVCs (Li et al., 2002). In addition, the BP-80 reporter, 
when expressed in transgenic tobacco culture cells, colocalized with the endogenous tobacco 
VSR proteins (Jiang and Rogers, 1998). Thus, BP-80 and BP-80 reporter might serve as 
markers for defining PVCs. Therefore, the objective of this thesis research was first to test the 
hypothesis that the BP-80 reporter is a marker for defining PVCs in transgenic tobacco BY-2 
cells. 
To test this hypothesis and develop markers for characterizing plant PVCs, I have 
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successfully developed YFP fusion markers and expressed them in transgenic tobacco BY-2 
cells. As a control, I have also generated transgenic tobacco BY-2 cell lines expressing a YFP 
reporter marks the Golgi apparatus. Further characterization on these transgenic cell lines 
demonstrate for the first time that plant PVCs are dynamic compartments in living cells. 
Development of three transgenic cell lines 
During the early study, red fluorescent protein (RFP) was used as a reporter. However, 
neither RFP signals nor fusion proteins with predicted size were detected from transgenic cell 
lines expressing both RFP-BP-80 and RFP-a-TIP reporters. To solve this problem, I then 
replaced the RFP with a yellow fluorescent protein (YFP). As a result of this modification, 
transgenic BY-2 cells expressing either the YFP-BP-80 or the YFP-a-TIP reporter proteins have 
been successfully generated. In addition, transgenic BY-2 cells expressing the GONSTl-YFP 
reporter proteins have also been developed. Both Southern blot and PGR analysis 
demonstrated that all these three YFP reporter transgenes had been integrated into the genome 
of transgenic BY-2 cells. Moreover, two fusion reporter proteins (i.e. YFP-BP-80 and 
YFP-a-TIP) were detected in Western blotting analysis using anti-GFP antibodies as well as in 
confocal immunofluorescence. Thus, I have successfully generated transgenic cell lines 
expression these three YFP reporters. 
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Distinct organelles were marked by two different YFP reporters 
Transgenic cell lines expressing the YFP-BP-80 reporter and GONSTl-YFP reporter were 
used for further studies. Both reporters exhibited typical YFP punctate patterns in living 
transgenic tobacco BY-2 cells, and the punctate fluorescent signals were confirmed to be caused 
by the YFP fusion proteins using anti-GFP antibodies in immunolabeling. In addition, since 
FM4-64-marked PVCs colocalized with the YFP-BP-80 reporter, while being largely separated 
from the GONSTl-YFP reporter, YFP-BP-80-marked organelles and GONSTl-YFP-marked 
organelles were thus represented two populations of distinct organelles in transgenic tobacco 
cells. 
The YFP-BP-80 reporter defined the lytic PVCs 
Two approaches had been used to identify YFP-marked organelles in transgenic cells in 
this study. Uptake studies using FM4-64 demonstrated that the YFP-BP-80-marked organelles 
colocalized with FM4-64-marked PVCs. Additionally, YFP-BP-80 reporter proteins 
colocalized with the endogenous VSR proteins but not the Golgi-resident protein in confocal 
immunofluorescence using anti-VSR and anti-Man 1 antibodies. In contrast, the 
GONSTl-YFP reporter colocalized with ManI but separated from VSR. Thus, YFP-BP-80 
reporter proteins define the PVCs, while the GONSTl-YFP reporter proteins define the Golgi 
organelles in transgenic living BY-2 cells. 
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Response of YFP-marked PVCs to Brefeldin A treatment 
Brefeldin A (BFA) has been widely used in studying protein trafficking and Golgi 
organization in the secretory pathways of eukaryotic cells as its effect appears to be both 
specific and reversible. In this study, I also tested the possible effects of BFA on PVCs by 
treating transgenic cells expressing the YFP-BP-80 reporter with BFA at various concentrations 
and incubation time. Obtained results demonstrated that the YFP-marked PVCs had different 
responses vs. Golgi organelles: 
(1) PVC-derived BFA-compartments were observed when cells were treated with BFA at high 
concentrations (50 to 200 |ig/ml); 
(2) These PVC-derived BFA-compartments appeared at 45 minutes after BFA treatment; 
(3) These PVC-derived BFA-compartments contained endogenous VSR proteins, and 
(4) These PVC-derived BFA-compartments remained distinct from Golgi-derived 
BFA-compartments but these two populations of aggregated compartments tended to stick 
.. 1 
together. 
Response of YFP-marked PVCs to Wortmannin treatment 
Similar to BFA, Wortmannin (an inhibitor of phosphatidylinositol (PI) 3-kinases) also has 
been widely used in studying protein trafficking and transport in mammalian and yeast cells. 
However, the mechanism of Wortmannin effect on vacuolar targeting in plant cells is unclear. 
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Here I tested the possibility that the PVCs may be one of the target sites for Wortmannin by 
treating transgenic cells expressing the YFP-BP-80 reporter with Wortmannin at various 
concentrations and incubation times. The following results were obtained: 
(1) The YFP-marked PVCs formed small vacuoles in response to Wortmannin treatments in a 
dose-dependent and a time-dependent manner; 
(2) The YFP-BP-80 reporter proteins presented on the tonoplast of these induced small 
vacuoles; 
(3) The tobacco endogenous VSR proteins also presented on the tonoplast of these induced 
small vacuoles, and 
(4) High concentrations of Wortmannin resulted in the absence of both small YFP-marked 
vacuoles and YFP-marked PVCs in treated cells. 
These results provided the first evidence that PVCs could be one of the action sites for 
„ Wortmannin affecting the trafficking of certain vacuolar proteins, and that the morphological 
changes of PVCs into small vacuole in response to Wortmannin treatment may be one of the 
factor in either blocking or delivering proteins to the next compartments. 
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PVCs are mobile organelles in living cells 
Similar to the constant movement of Golgi stacks marked by GONSTl-YFP (this study) or 
Manl-GFP (Nebenfuhr et al, 1999) in transgenic tobacco BY-2 cells, the YFP-marked PVCs 
also showed dynamic movement in living transgenic cells. Most YFP-marked PVCs showed 
two different kinds of movement in living cells: moved across the cell and moved from top to 
bottom of the cell. However, when compared with the movement of YFP-marked Golgi stacks 
in cells expressing the GONSTl-YFP, lower amount and frequency of mobile YFP-marked 
PVCs were observed and travelled at a slower speed than those of YFP-marked Golgi organelles. 
Thus, for the first time, plant PVCs were demonstrated to be mobile in living cells. 
In conclusion, I have successfully generated two transgenic tobacco BY-2 cell lines 
expressing two different YFP markers and confirmed that the YFP-BP-80 reporter and 
GONSTl-YFP reporter mark PVCs and Golgi organelles respectively in these two transgenic 
„ cell lines. Using these cell lines as tools, I have demonstrated for the first time that plant PVCs 
aggregated to form BFA-induced compartments and formed small vacuoles in response to BFA 
and Wortmannin treatments respectively. In addition, plant PVCs were further demonstrated to 
be mobile in living cells. These results provided new insights into the functional roles of plant 
PVCs in mediating protein trafficking in the plant secretory pathway and provided some bases 
for further characterization of plant PVCs at the molecular and biochemical levels. In addition, 
using these transgenic cell lines expressing the YFP-BP-80 reporter, we shall be able to identify 
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the morphology of PVCs via immunoEM. Furthermore, these transgenic cell lines are gold 
mines for isolation of PVC organelles and proteomic analysis to illustrate the molecular 
components and sorting mechanism of plant PVCs. 
2. Future perspectives 
Generating transgenic tobacco BY-2 cell lines expressing markers to identify PVCs was the 
first step for me to characterize plant PVCs. Characterization on these transgenic cell lines has 
shed lights on the functional roles of plant PVCs. Further studies on characterizing these 
transgenic cell lines will generate new information on PVCs. 
First, the morphology and identity of PVCs can be studied in transgenic cells expressing 
the YFP-BP-80 reporters via immunoEM. In addition, immunoEM studies can also be carried 
out to identify the aggregated BFA-compartments as well as the small vacuoles derived from 
YFP-marked PVCs after BFA and Wortmannin treatments. These studies should allow us to 
identify and define PVCs in BY-2 cells. 
Second, the dynamic of plant PVCs in response to the physiological culture conditions 
(such as culture cycles and sucrose starvation that may affect cell cycles and autophagy 
respectively) can also be easily studied via following the YFP-marked PVCs in transgenic cell 
lines expressing the YFP-BP-80 reporter. Similarly, the possible involvement of PVCs in cell 
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division and cytokinesis can be studied in transgenic cells expressing the PVC reporters. 
Third, these transgenic BY-2 cell lines expressing PVCs reporters shall be a good starting 
material for PVCs isolation and proteomic analysis for several reasons. Transgenic BY-2 cells 
expressing PVC reporters not only provide large homogeneous populations of living cells in 
synchronized cultures for PVCs isolation, but also enable the isolation of a single type of PVC 
population because the PVC reporter is a more specific marker for identifying the lytic PVCs 
than VSRs since anti-VSR antibodies detect VSR proteins that may represent mixed PVC 
populations. Such possibility would also allow us to distinguish lytic PVCs from other PVCs 
for subsequent analysis. In fact, using transgenic cells expressing the PVC reporter as probes, 
we are currently working on protocols with step gradients and density gradients to isolate 
fractions enriched in PVC markers for subsequent proteomic analysis via 2-D SDS-PAGE / 
MALDI-TOF and organelle identification via immunoEM. 
Lastly, the transgenic BY-2 cell approaches described here should allow us to test the 
hypothesis of the existence of two distinct PVCs in the same plant cells via co-expressing two 
reporters in the transgenic cell lines. In fact, we are currently making transgenic BY-2 cell 
lines expressing various combinations of YFP / GFP / RFP markers so that two or three 
reporter-marked organelles can be studied in transgenic living cells. 
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Although there has been significant progress in proteomic analysis of plant organelles, 
there are still challenges needed to be overcome in characterizing the molecular components of 
various organelles in the plant secretory pathway. For example, the fact that plant cells contain 
distinct vacuoles might imply the existence of two distinct PVCs serving lytic vacuoles and 
protein storage vacuoles. Our ultimate goal is to illustrate the mechanism of protein sorting, 
PVC biogenesis and molecular components of PVCs in the plant secretory pathway using a 
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